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PREFACE TO THE SECOND EDITION 

The object of recasting the former two volumes of the 
' Organic Chemistry for Advanced Students ' in the three parts 
in which they now appear has been to group together allied 
subjects and to link them as far as possible in a consecutive form. 
As this entailed re-arrangement of the plates, an opportunity 
was afforded of bringing the subject-matter up to date, and 
very considerable additions have been made to the contents 
of the former volumes. As stated in the original preface, 
the book is not intended to serve as a reference book, but to 
fumiflh a general survey of those fundamental principles which 
underlie the modem developments of this branch of chemistry. 

J. B. COHEN. 
March, 1918. 
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ORGANIC CHEMISTRY 

PART I 
CHAPTER I 

HISTORICAL INTRODUCTION 

die Badical^ of Benioio Add. In the year 1882 Liebig and 
Wohler published their classical memoir^ entitled^Experiments on 
the Radical of Benzoic Acid '.' \ 

Viewed in the light of our present knowledge there is nothing 
very remarkable ^in the facts which they discovered. Starting with 
bitter almond oil, which we now term henzMehyde^ they converted > «• 
it by the action of chlorine and bromine into benzoyl chloride and 
bromide. Benzoyl chloride treated successively with potassium 
iodide gave benzoyl iodide ; with ammonia, benzamide ; with lead 
sulphide, benzoyl sulphide ; with mercuric cyanide, benzoyl cyanide 
and with alcohol, benzoic ether. Bitter almond oil had, moreover, 
been found by Stange (1824) to undergo rapid oxidation in the air 
and to be transformed into an acid— benzoic add — identical with 
the substance derived from gum benzoin. 

Such is briefly the substance of the investigation to which the 
following introduction is attached. 'When a chemist is fortunate 
enough to perceive one ray of light penetrating the dark region of 
organic nature, which may mark the entrance to the right path 
of future knowledge, he has reason to feel encouraged, although 
conscious of the vastness of the field which lies before him.' 

In order to realize the importance of a memoir which created 
a profound impression among contemporary chemists, and was 
welcomed by Berzelius as ' the dawn of a new day ', we must take 
a glance at the branch of chemistry which at this period formed 
* the dark region of organic nature '. 

Origin of the Badieal Theory. If we turn to Lemery's Oours 
de Q^fmiey which was the popular text-book from 1675 down to the 
middle of the eighteenth century, we find all known substances 

^ It is an interesting and curious fact that with admittedly * little to recom- 
mend it' (Trans. Chvm. Soc., 1906, 87, 548) the Chemical Society of Great Britain 
has seen fit to alter the original spelling to < radicle ', and the Society now holds 
the aniqne position of heing the only representative body of chemists which 
has adopted this spelling. 
^ Liebig's Aimalmy 1882, 8, 249 ; Ostwald's KlaasOcer, No. 22. 

PT. I B 



2 OEGANIC CHEMISTRY 

distributed according to their origin between the mineral, vegetable 
and animal kingdoms. Under the two divisions of vegetables and 
animals occur the names of substances which have been known 
from remote times, such as sugar, starch, fats and oils, gums and 
resins. By the process of distillation alcohol had been obtained 
from fermented liquids, acetic acid from vinegar, turpentine from 
resin, and various sweet scented oils from plants. Vegetable 
colouring matters were employed in dyeing, and oils and fats in the 
production of soap. Extracts of cinchona bark, opium and otheiv 
vegetable substances were used in medicine. Towards the dose of 
the eighteenth century Scheele isolated and clearly distinguished the 
acid principles present in various vegetable and animal products. 
He found malic acid in apples, citric acid in lemons, oxalic acid in 
wood sorrel, gallic acid in galls, lactic acid in sour milk, and uric 
acid in urine. He also obtained from olive oil, by boiling it with 
lead oxide, a sweet, viscid liquid, which we now know as glycerine. 

These varied products of animal and plant life which, when 
ignited took fire, or when heated in closed vessels charred and gave 
off water and other volatile matters, contained, according to the 
views of the phlogistonists, more of the aqueous and combustible 
principle or phlogiston, than mineral substances. They were termed 
wyanic to indicate their origin from living or organized matter. 

With Lavoisier's discovery of the cause of oxidation and com- 
bustion, the element oxygen became in chemistry very much what 
the sun is in our solar system. The chemistry of Lavoisier was the 
chemistry of oxygen. All compounds were oxides, generally simple 
oxides of another element. To the other element attached to oxygen 
de Morveau applied the term base or radical. The simple oxides 
were divided into salifiable and acidifiable bases, and these united 
to form salts.^ The system was essentially dualistic, and con- 
tained the germ of the theory subsequently developed by Berzelius. 
Lavoisier, who was the first to demonstrate the true composition of 
organic substances, extended the idea of radical so as to embrace 
these compounds (1784). Organic substances which generally con- 
tained carbon, hydrogen, and oxygen, and occasionally nitrogen and 
phosphorus, were regarded as oxides of a radical, composed of at 
least two elements, carbon and hydrogen. Sugar, which yielded* 
oxalic acid on oxidation, was the oxide of a hydrocarbon radical, and 
oxalic acid formed its higher oxide. TJie radical teas purely hypo' 
thetical. Indeed, so little was then known about the nature of 
organic compounds that, with the advent of the atomic theory, 
^ Layoisier'B EUmerU$ qf C/umiatryi tranttlated by Kerr, 1802, 1, 289. 
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it was held to be doubtful if the elements composing them com- 
bined in simple atomic proportion and obeyed the laws of combina- 
tion which had been found to obtain in the province of inorganic 
chemist^. Organic compounds were the products of a vital Jorce, 
not necessarily depepdent on the chemical laws governing inert 
matter. This view was commonly held until Berzelius, in 1814^ by 
improving the method of organic analysis, showed from the results 
of his anal3rses of sugar and some of the organic acids, that organic 
compounds were subject to the ordinary laws of chemical combination. 

Berzelius adopted Lavoisier's view of the nature of organic com* 
pounds ; for in his Treatise on Chemistry (2nd edition), published in 
1817, he says : 'After having become moi*e closely acquainted with 
the difference between the products of organic and inorganic Nature 
and the different manner in which their constituents are combined 
together, we have found the difference to consist in this: that in 
inorganic Nature all oxidised bodies possess a sim^ radical^ whilst 
all organic substances consist of oxides of compound radicals. In 
vegetable substances the radical consists usually of carbon and hydro- 
gen, and in animal products of carbon, hydrogen, and nitrogen.' 

To follow the history of organic chemistry from this point, and to 
realize the network of difficulties in which its votaries became 
gradually and unconsciously entangled, it will be necessary to 
understand the electro-chemical system of Berzelius and the method 
of notation which was founded upon it 

The Atomic and Mdleonlar WinLghts of Beneliiui. The dis- 
covery, in 1808, of Oay Lussac's law governing gaseous combination 
or the ' law of volumes ', as it was commonly called, of Dulong and 
Petit's law (1819) which determined the relation of specific heats to 
the combining weights of the elements, and of Mitscherlich's law of 
isomorphism (1820) enabled Berzelius, after a careful revision of the 
combining proportions of the elements, to assign atomic weights 
based upon principles which we still recognize and adopt Thus, if 
equal volumes of elementary gases contain the same number of 
atoms, the formula for water must be represented by H2O since two 
volumes of hydrogen unite with one volume of oxygen ; NH3 will 
stand for ammonia, and HCl for hydrochloric acid. The method did 
not involve any question as to the volumes occupied by the com- 
bined gas, which offered a difficulty only solved later when 
Avogadro's distinction of molecules oonstUuaMes, and int^grantes, or, 
as we now say, atoms and molecules, was clearly recognized.^ The 

^ Die QruMUoffm der Mdldculartheorief Ostwald's Klasaiker, No. 8 ; Avogadro €md 
MUoHf by A. N. Meldrum, pub. W. F. Clay, Edin. 
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direet application of the law of Tolumes was limited to comparatiTely 
few elements. A wider range of atomic weights was derived 'from 
the specific heats of the metals and the isomorphism of their salts. 
Where none of these principles could be applied the atomic weights 
were ascertained by the simplest gravimetric relation of an element 
to oxygen in its oxide. The atomic weights of the metals which 
formed basic oxides were derived from these oxides which were 
assumed to contain a single atom of each element. Consequently 
the atomic weights of the alkali metals and of silver which formed 
isomorphous salts with them, received double their present values. 
The formulae for potassium and silver oxide and chloride were 
written KO, KCI29 AgO, AgCl2 ; the formulae of ammonia and 
hydrochloric acid, originally written NH3 and HCl, were afterwards 
doubled by using the barred or double atom thus : 9S^ — NsH^ and 
SCI = H2CI2 with the object of making them equivalent to the 
atomic weights of the metals. For the same reason H2 was the 
equivalent of 1 atom of oxygen and the formula for water appeared 
as SO « H2O. 

The series of atomic weights elaborated by Berzelius with rare 
analytical skill and an unerring instinct, which guided him where 
principles failed, differ little from the modern values. 

In the third column of the following table is a list of the more 
important atomic weights taken from Berzelius' revised numbers, 
which appeared in 1826, oxygen being 100. The fourth column 
contains the figures calculated with hydrogen as the unit ; in the 
fifth column are the present values : 







Berzelius* numbers. 


Present 


Name. 


Formida. 






numbers. 






0-100 


H»l 


H-1 


Oxygen 





100 


16.026 


16.88 


Hydrogen 


H 


S.289 


1.000 


1.00 


Nitrogen 


N 


88.618 


14.186 


18.98 . 


Sulphur 


S 


201.165 


32-239 


81.88 


Phosphorus 


P 


196166 


81.486 


80.77 


Chlorine 


CI 


221.826 


86.470 


35.18 


Iodine 


I 


768.781 


128206 


12690 


Fluorine 


P 


116900 


18.734 


' 18.90 


Carbon 


c 


76.437 


12.260 


1191 


Potassium 


K 


489916 


78.616 


8886 


Sodium 


Na 


290.897 


46.620 


22.88 


Silver 


Ag 


1851.607 


216.611 


107.12 


Calcium 


Ca 


266019 


41.030 


89.80 


Strontium 


Sr 


647.286 


87.709 


8694 


Barium 


Ba 


856.880 


187.826 


186.40 


Iron 


Fe 


889213 


64.363 


66.60 


Aluminium 


Al 


171.167 


27.431 


26.90 


Chromium 


Cr 


861.819 


66.888 


61.70 
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In a memoir published in 1826, ' Sur quelques points de la thterie 
atomSstique,* Dumas ^ attempted to extend the application of Avo- 
gadro's hypothesis to the determination of both atomic and molecular 
weights from the densities of gases and vapours, in connection with 
which he devised his well-known method. It is a curious fact that 
he not only failed to commend his method to the chemical world, 
but ended by convincing himself of its futility. 

The result was due partly to a clumsy way of presenting his ideas, 
and partly to the confusion introduced by the anomalous vapour 
densities of some of the elements. Dumas set forth that equal 
volumes contain the same number of atoms or molecules ; conse- 
quently, if one volume or atom of hydrogen unites with one volume 
or atom of chlorine to form two volumes or atoms of hydrochloric 
acid, the original atoms of hydrogen and chlorine are divisible 
into half atoms of each element. A half atom of oxygen must 
for the same reason be present in the atom of water and so forth. 
Though Dumas, no doubt, clearly distinguished between his 
physical atoms or molecules and his chemical or half atoms, the 
subdivision of the atom implied a contradiction in the term and did 
not fail to call forth criticism. As Dalton said, ' No man can split 
an atom.' ' 

But this was not all. Dumas' atomic weight for silicon, 
which he correctly interpreted from the vapour density of the 
chloride, differed from the number obtained by Berzelius, who 
derived it from the oxide, written SiOg from its analogy with SOs, 
CrOg, &c The atomic weight of mercury, determined from the 
vapour density of the metal, was half that assigned by Berzelius 
from its specific heat. Finally, the anomalous vapour densities of 
phosphorus, sulphur, and, as Mitscherlich found later, arsenic, 
gave atomic weights which conflicted with those previously derived 
by Dumas himself from the vapour densities of their hydrides and 
chlorides and shook his confidence in his own method. 

Berzelius' system of atomic weights also had its critics. As we 
have seen, doubt had been thrown by Dumas on the validity of 
the law of volumes. The atomic weights of several of the elements 
which were derived from the specific heats did not conform to the 
atomic weights deduced from the law of isomorphism ; for example, 
the isomorphism of the silver salts and those of the alkalis fixed 
the atom of silver at 216, whilst its specific heat gave the number 
108. Hitscherlich's law itself was not free from objection, inasmuch 



^ Ann. Oiim. Phya,, 1826. 33, 887. 
' Memoin qfDaUonf by Dr, Henry. 



6 ORGANIC CHEMISTRY 

as the existence of dimorphous substances left the choice in some 
cases doubtful. 

The principles which served Beizelius for his determinations 
gradually fell into discredit. 

Gmelin's Equivalents. Leopold Gmelin, the author of the 
classical treatise which bears his name, suggested a reversion to 
the system of equivalents, a term introduced by WoUaston in 1808. 
It represented the simplest gravimetric relations, without reference 
to the law of volumes, and received strong support from Faraday^ 
newly discovered electrolytic law (1832). 

The old and new systems were easily reconciled by using the 
barred or double atom of Berzelius, and appeared side by side for 
many years without giving rise to confusion, until the double atom 
eventually disappeared. Kolbe was one of the last to use the 
barred atom of Berzelius, which he abandoned about 1850 in favour 
of the equivalent notation. 

The following formulae for water, hydrochloric acid, ammonia, 
and phosphoric oxide, represent the original and modified notation 
of Berzelius and the corresponding equivalent notation of Gmelin : 

Berzelios k original formula HsO HgClt KjH, PjOg 

(H » 1 ; O » 16) ( modified „ fiO fiei )^S, fO^ 

Omelln equiyalent „ HO HCl NH, PO5 

(H = 1 ; O = 8) 

Henceforth, densities of volatile organic compounds^ though 
frequently determined with the object of controlling analytical 
results^ never served as a means of ascertaining molecular weights 
until many years had elapsed, when Gerhardt and Laurent revived 
the hypothesis of Avogadro and Ampere. The aggregate weight 
of the atoms might correspond to one, two, or a multiple of two 
volumes of the vapour compared with one volume of hydrogen. 

The formulae for chloral Ofil^HiO^t chloroform C2H;2Cle» alcohol 
C4H12O2, and acetic ether C8Hie04, corresponded to four volumes, 
whereas those for ether C4H10O, oxalic ether C0H1OO4, and succinic 
ether CgHi404, corresponded to only two volumes. ^ It was left to the 
choice of the investigator to select an appropriate molecular formula. 
We shall presently see how the confusion, which arose from the 
absence of any recognized method for fixing molecular weights, 
resulted in many a fruitless and embittered controversy. 

Benalliui' Btootro-ohemioalThaory. The electro-chemical theory 
of Berzelius (1819) dominated chemistry during the first third of the 
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last century. Carefully elaborated in the case of inorganic compounds, 
it was sought to apply it in the same comprehensive manner to 
organic compounds. It was the guiding principle to which Berzelius 
dung throughout his life. But the young and rapidly growing 
branch of the science was not to be crippled by an artificial system 
which arrested its natural development. After a fierce controversy 
between Berzelius and the chemists of the French school the theory was 
finally abandoned. The theory may be briefly defined as Lavoisier's 
dualistic views expressed in the light of Davy's and Berzelius' electro- 
chemical researchea Each atom of the elements was supposed to 
possess opposite electrical poles provided with different quantities of 
electricity, so that it contained a surplus of one or other kind of 
electricity, and was either positive or negative according to the 
predominating polarity. It was by virtue of their opposite polarities 
that the atoms combined. The simple combinations of positive and 
negative elements furnished compounds of the first order. The elec- 
tricities in these compounds were not necessarily neutralized, and 
there might still remain a surplus positive or negative charge which 
enabled them to enter into further combinationib, forming compounds 
of the second order. The elements were arranged in electrical series 
with oxygen at one end, representing the most electro-negative 
element, and the alkali metals at the other, representing the most 
electro-positive elements. Each intermediate element would be 
electro-positive to the one that preceded and electro-negative to 
that which followed. The metals were strongly, the non-metals 
weakly electro-positive towards oxygen. The lower metallic oxides 
retained, therefore, a residual positive, the non-metallic oxides a 
residual negative polarity. Thus potash EO was electro-positive, 
whilst sulphuric acid SO3 was electro-negative. Potash and sulphuric 
acid could therefore combine, by virtue of their opposite polarities^ to 
form sulphate of potash, which was written SO3 + EO. The elec- 
tricities might still remain unneutralized, and by the formation of 
double salts such as potash alum, compounds of the third order were 
obtained. 

The oxides of the non-metals were called acids; N2O5 stood for 
nitric acid and ^jd^-k-'ELjd was its hydrate. When the combined 
water of the hydrate or basic water was replaced by a metallic oxide 
or base, a neutral salt resulted. The same principle was applied to 
organic acids and their salts. Acetic acid was written G4He03 and 
its hydrate (our acid) C4He03-l- H2O ; C2O3 stood for oxalic acid, and 
the crystalline compound which we now term anhydrous oxalic acid 
CgOs 4- HgO was regarded as its hydrate ; benzoic acid was C14H10O3 and 
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itB hydrate (our acid) was C14H j 0O3 + H2O. The molecular formula for 
the acids was derived from the composition of the salts, usually the 
silver salts^ and as all salts were supposed to contain one atom of base 
(silver and the alkalis had double their present atomic weights), it 
necessarily followed that all monobasic acids, like acetic and benzoic, 
had double their present formulae, whereas dibasic acids received 
their modern values. It should be observed that these so-called 
organic acids only existed in the form of their hydrates, the acids 
themselves being purely fictitious groups of elements. 

Orgaoiio Chemistry in 1830. In 1880 Liebig introduced his 
new method of organic analysis, which is essentially the one we still 
employ.^ There is no doubt that the simplicity and rapidity of this 
process gave a new impulse to the study of organic chemistry. To 
perform an organic analysis appears to have been a troublesome 
business, for in a letter from Wdhler to Liebig written in August^ 
1830, we read : * A thousand thanks for your quick reply. To be 
able to complete an analysis so rapidly is scarcely within the power 
of any one but yourself, certainly not in mine, for I have a whole- 
some dread of doing one.' 

Organic chemistry in 1830 embraced a large number of substances 
of widely different properties, yet composed usually of only three or 
four elements — carbon, hydrogen, oxygen, and nitrogen. It included 
a variety of organic acids and a steadily increasing number of organic 
bases or alkaloids, the first of which— morphium — had been isolated 
in 1817 by SertOmer from opium ; also a number of indifferent sub- 
stances — hydrocarbons, spirits of wine, sugar, starch, gums — and 
finally, the fats and fixed oils, the composition of which had been 
studied by Chevreul in so complete and masterly a fashion that our 
knowledge of these substances has not materially advanced since his 
day. He showed that these bodies were compounds of glycerine with 
various acids (the fatty acids) and that they behaved like acetic ether, 
decomposing with alkalis into the salt of the acid and glycerine. 
There was, however, little analogy between the complexity of all 
these bodies and the simple compounds of inorganic chemistry, in 
which one element united with another in one or two, more rarely 
in three, proportions. Berzelius' at first distinguished inorganic 
compounds as binary, that is to say, divisible and sub-divisible into 
two parts, one electro-positive and the other electro-negative, whilst 
organic compounds contained more than two elements which were 

1 Berzelius, Jahre^., 1881, U, 214 ; Pogg., Ann,, 1881, 21, 1. 
* Ann. PhiL, 4, 828. 
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directly combined into a whole and could not be subdivided or 
reunited after the manner of inorganic compounds. Hydrocarbons 
like marsh gas and turpentine, since they contained only two 
elements, were consequently classed among inorganic compounds, 
and occur under this head in the earlier numbers of Berzelius' 
Jahresbericht But this distinction was not long maintained. Or- 
ganic chemistry was still essentially the chemistry of animal and 
plant products and their derivatives. It is tine that from time to 
time the artificial production of natural substances was announced. 
As far back as 1776 Scheele had obtained oxalic acid identical with 
that in wood sorrel by the oxidation of sugar with nitric acid. In 
1822 D(>bereiner had prepared formic acid, hitherto obtained by the 
distillation of ants, by the oxidation of tartaiic acid, and had also 
converted alcohol into acetic acid by the aid of platinum black. In 
1826 Hennel had synthesized alcohol from defiant gas.^ Again, in 
1828, Wohler found that in attempting to obtain ammonium cyanate 
by the action of ammonium chloride upon silver cyanate, or ammonia 
on lead cyanate, a crystalline compound was formed which was iden- 
tified as urea, a substance only previously found in urine. But none 
of these artificially prepared substances was entirely independent of 
an animal or vegetable origin. Even the cyahates were derived in 
the first instance from potassium ferrocyanide, in the preparation 
of which animal matter was employed. These facts did little to 
disturb the belief in a vital force. Both Dc^bereiner'a and W^^hler's 
discoveries are referred to by Berzelius in his Jdhresberichtf^ but it is 
dear that the rare example of isomerism furnished by the conver- 
sion of ammonium cyanate into urea created a far deeper impression 
than the realization of this much quoted synthesis. 

Before the year 1882 the only organic substance firom which a 
number of simple derivatives had been obtained was alcohol With 
sulphuric acid it was known to yield, according to the conditions of 
the experiment, sulphovinic acid, ether, defiant gas and a substance 
known as oU of mne of the formula (GHs)^ ; with hydrochloric add 
it gave hydrochloric ether; with nitric add, nitric (nitrous) ether; with 
acetic add, acetic ether, and with oxalic acid, oxalic ether. Further, the 
oil of the Dutch chemists, as it was called, was obtained by combining 
olefiant gas with chlorine, and Hennd showed that sulphovinic acid 
was formed by the union of olefiant gas and sulphuric acid.' The 
relationship of alcohol to its derivatives was a matter of general 

> PhO. TVofw., 1826, 240; 1828, 866 ; Pogg., ^fm., 1827, 9, 21 ; 1828, 14, 282. 
Bee also Cftamiarf Synihms qf Vital Products, p. 2, by R. Meldola, 1905. 
' Jakmib,^ 1828, 2, 160 j 1829, 9, 266. 
* Pogg., Ann,y 1828, 14, 278 ; Phil 2Vafif., 1826, Pt. 2, 240. 
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speculation which had free play, since no recognisKHl method for 
ascertaining molecular weights existed. 

The Etherin Theory. In 1828 Dumas and BouUay^ propounded 
a theory which was intended to show the relationship of these 
substances. It was based upon an observation of Oay*Lussac'8 that 
the vapour density of ether was equivalent to that of one volume of 
olefiant gas and half a volume of water vapour, whereas that of 
alcohol was equivalent to half a volume of olefiant gas and half 
a volume of water vapour. Dumas and Boullay regarded alcohol, 
ether, and all their derivatives as containing one common group of 
elements, olefiant gas, which had the formula 2G2H2, corresponding 
to the modem C2H4 (the atomic weight of carbon was derived by 
Dumas from the vapour density of marsh gas and olefiant gas, which 
he wrote GHg and G2H2 respectively, giving the number 6 to carbon). 
To the central group Berzelius gave the name of etherin, by which he 
signified oil of wine and denoted it by the formula' C4H8, but the 
fundamental idea was the same in both, and the theory was hence- 
forth known as the etherin theory. 

In addition to presenting a series of related compounds as contain- 
ing a common group or radical, it explained Hennel's preparation of 
sulphovinio acid from ethylene and sulphuric acid, the existence of 
oxamethane (oxamic ester) obtained by Dumas from oxalic ester and 
ammonia gas and the curious inflammable platinum organic com- 
pounds of Zeise, which the latter prepared by the action of alcohol on 
platinic chloride and which contained no oxygen.' 

An essential part of Dumas and Boullay's theory was to institute 
a comparison between etherin and its derivatives and ammonia and 
its compounds, which were written as follows : 

Fcrmuiae ff Dumas Formulae (if Ammonia atuiita 

and BouUay. Berzelius, Compounds, 

Olefiant gas OGsH, CA KgH, 

^eth^r''^*"'' 1 2C,H2+HC1 C,H8+2HC1 N,H,+2HC1 

Bther 4G2H2+H2O C^Hg+H-^O NsH,+H,0 

Alcohol 4CjHa+2H.O CJlf^'h2Rfi — 

Acetic ether iCjH, + CgH.O, + HjO C^H, + C^HgO, + H,0 NjHj + C^HjO, + H,0 

Nitric ether 4C,H,+N,Ob+HjO C^Hg+NjOj+HjO NjHj+NjOg+HjO 

Oxalic ether iC^H^ + C^O, + H^O C^Hg + CgOj + H^O NjHg + CjO, + H,0 

Oxamethane iCjHj+C^Oj + NHs C^Hg+CjOj+NHj — 

^"ac^'''''''*'' |4CjH,+2SOg+2H,0 C^Hg+S.O.+SHjO - 

^i^^d"^' |*C,H,+2PtCl, CA+Pt,Cl, 

> Ann. CMm, Phys,^ 1828, (2), 86, 294 ; (2), 87, 15. 
* Jahreeb., 1882, 12, 808. * Annalen, 1884, 9, 1. 
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Dumas and Boullay went so far as to state that olefiant gas, were 
it but soluble in water, would exhibit alkaline properties, and they 
even attempted to extend their theory so as to embrace compounds like 
the fats and oils, which were assumed to possess an imaginary hydro- 
carbon radical united to ether, and even the sugars which were 
described as carbonates of etherin. The theory found many supporters 
and long held its ground in France. Berzelius, on the other hand, 
gave it a half-hearted reception,^ which soon changed to undisguised 
hostility* He pointed out that the existence of the radical C4Hg 
might be accepted as a mere matter of convenience, but that the 
formula for alcohol could be equally well represented by either 
C4H8 + 2H^0 or C4H10O + H^O. The fact of alcohol yielding olefiant 
gas was no more a reason for the presence of this group in alcohol 
than there was for the pre-existence of nitrous oxide in nitrate of 
ammonia merely because nitrous oxide was evolved on heating. 
If olefiant gas were alkaline, then surely alcohol and ether, which 
were soluble hydrates, should also have alkaline properties. More- 
over, though olefiant gas could be prepared from alcohol, neither 
alcohol nor ether could be formed by the reverse process of adding 
water to olefiant gas, and the analogy with ammonia broke down. 

Furnished with fresh weapons Berzelius returned to the attack in 
the following year.' Liebig and Wohler had shown that sulphovinic 
acid had the formula C4Hg + 2SO3 + 2H2O, containing, therefore, two 
atoms (molecules) of basic water, yet it only saturated one atom of 
base, and consequently the remaining atom of water must be an 
integral part of the organic constituent, just as it was of ammonia in 
the sulphate N^HgO + SO3. 

Qxowth of the Badioal Theory. We can now realize how matters 
stood when Liebig and W6hler, in the memoir to which reference has 
been made, brought the first unassailable evidence of the existence 
of an organic compound radical. A series of substances had been 
obtained which were readily convertible into one another by simple 
reactions such as chemists were famOiar with in inorganic chemistry. 
They contained one common group of elements G14H1QO2 to which the 
name henjBoyl {bens, the root of benzoic, and vAi;, substance) was given. 
The compounds were written as follows : 

C14H10O2 + H2 Benzoyl hydride (bitter almond oil) 

C14H10O2 + O + H2O Benzoic acid 
C14H10O2 + CI2 Benzoyl chloride 

* Jahresb., 182S, 8, 292. > JoArvtb., 1888, 18, 192. 
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C14H10O2 + Br^ Benzoyl bromide 

C14H10O2 + 12 Benzoyl iodide 

C14H10O2 + N2H4 Benzamide 

G14H10O2 + G2N2 Benzoyl cyanide 

C14H10O2 + S Benzoyl sulphide 

C14H10O2 + O + C4H10O Benzoic ether 

This was not, however, the first example of a compound radical 
In 1815 Gay-Lu8sac, in controlling Bertholet's experiments on the 
composition of hydrocyanic acid, obtained cyanogen by heating 
mercuric cyanide, and by the action of the halogens on hydrocyanic 
acid prepared the chloride, bromide, and iodide of cyanogen. This 
example of a compound radical, as well as that of sulphocyanogen 
and ammonium, were overlooked, partly because they were ranked 
with inorganic substances, partly because Lavoisier's original con- 
ception of a radical necessarily implied that part of a substance of 
which the other part was oxygen. It should be observed that in 
benzoyl we have a modification of Lavoisier's definition of a compound 
radical inasmuch as benzoyl contained oxygen. 

Liebig and W(>hler's discovery was soon followed by that of other 
radicals. The radicals of salicylic and cinnamic acids were shown, 
the former by Piria, and the latter by Dumas and Peligot, to form 
each a series of derivatives similar to that of benzoic acid, and were 
termed respectively salicyl and dnnamyh Ten years later the theory 
of the compound radical received further confirmation in a brilliant 
research of Bunsen upon cacodyl. 

In 1760 Cadet obtained by the distillation of potassium acetate 
with oxide of arsenic a fuming and fetid liquid, which inflamed 
spontaneously in the air and was extremely poisonous. It was called 
'Cadet's fuming liquid*. These uninviting properties deterred 
chemists for seventy years from satisfying any curiosity they might 
have conceived as to its composition, and they contented themselves 
with stating its properties and method of preparation. 

Dumas was the first to analyse it, and gave it the formula CaHi^Ass; 
but Bunsen soon afterwards ascertained that the liquid prepared by 
the above method contained oxygen and had the formula C4Hi2As20y 
which he called cacadpl oxide (KOKwSrf^ stinking).^ From this he 
obtained, by means of the halogen acids, cacodyl chloride, bromide^ 
iodide, and also the cyanide, fiuoride, sulphide, selenide, cacodylie 
acid, and, finally, by the action of metallic zinc on the chloride, the 



^ Fogg., Aim., 1837, 40, 219 ; 1887, 42, 145 ; AmuUen, 1841, 87, 1 ; 1842, 43, 14 ; 
1848, 46, 1 ; Ostwald'B JQotsOimr, No. 27. 
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ndiad eaeodyl iftaelf C4H]2Aa2, which he alao named dkarsm 
(ftlcohol-«iaemc) to indicate its relation to alcohoL 

C4H,20s Alcohol 
C4H12AB2 Alcarain 

He termed caoodyl a true organic element posBessing the character 
of a metaL This analogy is readily understood if we write Ed for 
the cacodyl radical and compare it with a metal snch as calcium. 

Caeodyl CfH^AB, Kd Ca 

Cacodyl oxide Cfii^Aafi KdO CaO 

Otcodyl chloride G^H^AaiCl, KdCl, CaCI, 

Cacodyl cyanide C^Uj^Ab^Cj^ KdCy, CaCy, 

Cacodyl sulphide C4H|^Aa,S KdS OrS 

Ziehig's Definition of a Compouid Badloal, Although this 
research was the product of a later period, Liebig*s original definition 
of a compound radical has undergone no change.^ He says, speaking 
of cyanogen, * we call this a radical because (1) it is the invariable 
constituent of a series of compounds, (2) it can be replaced by other 
simple bodies, and (3) in its combinations with a simple body the 
latter may be substituted by equivalents of other simple bodies. Of 
these three conditions, two must be fulfilled.' These conditions 
made it essential that in a series of simple reactions the radical or 
group of elements should be shown to remain intact, and not only to 
be capable of combining with elements to form compounds, but also 
of being replaced by them. 

It is evident from this statement that the author conceived the 
elements of which the radical was composed to be united by a bond 
which joined them together more firmly than the other elements in 
the compound. The particular group composing the radical upon 
which the choice fell was a matter of much diversity of opinion. This 
is specially noteworthy in the case of ether and alcohol and their 
derivatives. 

Tha Badical ' Ethyl '. We have already referred to the etherin 
theory of Dumas and Boullay and the comparison which they drew 
between defiant gas and ammonia.' There existed at the time 
another view of the constitution of ammonia and its salts. The 
theory that ammonium played the part of a metallic radical in its 
salts was suggested by Davy, and afterwards supported by Ampere 
and Berselius. It appealed to the dualists, for it enabled them to 
establish an analogy between the composition of the salts of ammonia 

> AnnaUn, 1888, 25, 2. 
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and those of the alkali metals. This view was now reyived by 

Liebig, and, in place of etherin C4Hg and its analogue ammonia NHj, 

the new radical C4H10, termed by Liebig etheryl or ethyl ^ (oWiifh 

ether, and vAi;, substance), took its place beside ammonium. 

GfHioClf Hydrochlorie ether. N,HgClf Ammonium chloride. 

GfHjoO Ether. V^Kfi Ammonium oxide 

(present in the salts). 
CfHjoO+HjO Alcohol. NfHgO+H^O Ammonium hydrate. 

C^HiqO+NsO, Nitric ether. N,HgO+N,Os Ammonium nitrate. 

C4H joO + C^Hf O, Acetic ether. N,H,0 + C^'Bfii Ammonium acetate. 

Berzelius who had, as we have seen, abandoned the etherin 
theory, accepted the new doctrine, for its basis was dualistic, inas- 
much as ether appeared as an oxide. He and Liebig, however, 
held different views on the constitution of alcohol. Liebig regarded 
it, from its relation to ether, as the hydrate of ether, whereas 
Berzelius considered it to be the oxide of a different radical, C^Hq.' 
One reason advanced by Berzelius was the difference in properties 
between sulphovinic acid obtained by the action of sulphuric acid 
on alcohol, and isethionic acid, prepared by Magnus by the action 
of sulphuric acid (SO3) on alcohol and ether.' 

The two substances are isomeric and saturate the same amount of 
base, but the barium salt of sulphovinic acid contains an atom more 
water than that of isethionic acid, and they are in other respects 
totally distinct substances. * It is clear, therefore,' writes Berzelius 
in the Jahresbericht for 1833, 'that this atom of water cannot be 
present as water of cr3^tallization, but must be there in another 
form, and this other form can be nothing else than a form of ether. 
It naturally follows that alcohol and ether are not hydrates of the 
same base, although they may be so regarded.' 

The two formulae of the barium salts would therefore appear as 
2C2HeO + 2SO3 + BaO for the sulphovinate, and C4H10O + 2SO3 + BaO 
for the isethionate.* 

1 Annaleny 1884, 9, 1. ' Jahntb,, 1888, 13, 194. 

* Annaimf 1888, 6, 168; Pogg., Ann^ 1888, 27, 867. 

* According to modem views the formation of isethionic acid from ethionio 
acid and carbyl sulphate would be represented an follows : alcohol and sulphur 
trioxlde unite to form carbyl sulphate. 

GHs.O.SO, 

C,Hj(0H)+2S0,« I )0+H,0 

Carbyl sulphate. 
Carbyl sulphate is decomposed by water, first into ethionic, and finally into 
isethionic acid : 

CH,.O.SO,H CH|.OH 

CHj.SOjH CHj.SOjH 

Ethionic acid. Isethionic acid. 
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But there were additional reasons. Berzelius contended that the 
dissimilarity in properties of alcohol and ether could not be attributed 
to the presence or absence of water. Nor was it probable that in 
alcohol the water could have so strong an affinity for the ether (with 
which in the free state it cannot be induced to combine) that a 
dehydrating agent, like barium oxide, can produce from alcohol no 
trace of ether. 

Growth of Organic Chemistxyf 1830-1840. Whilst the 
various disputants were urging the claims of rival radicals, their 
activity in the laboratory was not suspended. Organic chemistry 
was steadily advancing and widening its boundaries by new diar 
coveries, which followed one another in rapid succession. The 
foundation of the great edifice of aromatic chemistry was being laid, 
upon which the next generation was to build new and important 
industries. Mitscherlich had obtained hensiene from benzoic acid 
by distillation with lime, identical with Faraday s hydrocarbon 
from oil gas, and formed nitrobenzene, henzenesulphonic addy 
Morohenzene and certain other derivatives. Runge had found 
J^a/nolj afterwards identified as aniline, and carbolic add in coal-tar. 
Liebig had obtained chloral and chloroform by the action of chlorine 
on alcohol, and had determined the composition of acetone^ cUde- 
hydCy and acetal, Dumas and Peligot had isolated methyl alcohol in 
the pure state from wood spirit, and Dumas and Oahours had 
prepared amyl alcoJiol from fusel oil. In both cases a number of 
derivatives had been obtained offering a close analogy with those 
from ordinary alcohol. Zeise had discovered the mercaptans^ and 
Kegnault had studied the action of potash on Dutch liquid, and 
obtained the compound we now call vinyl chloride. The formula 
of the new compound was written G4HeGl2 and, according to Begnault, 
contained the radical C^'ELq , which he termed cUdehydhne, subsequently 
changed to acetyl. In the meantime a partial reconciliation had 
been arrived at between Liebig and Dumas, when the latter was won 
over to the ' radical ' views of Liebig, and the result was a joint article 
which appeared in 1837, and of which the following is an abstract^ 

' Organic chemistry possesses its own elements, which sometimes 
play the part of chlorine or oxygen (e. g. cyanogen), and sometimes 
that of a metal (e. g. ethyl, benzoyl, cacodyl). Cyanogen, amide, 
benzoyl, the radicals of ammonia, of the fats, of alcohol and its 
derivatives, are the true elements of organic nature, whereas the 

* J. prakL Qum,, 1887, 14, 298 ; CompL rmtU, 1887, 6, 667. 
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simpleet constituents, carbon, hydrogen, oxygen, and nitrogen, only 
reappear when the organic matter is completely destroyed/ 

The truce did not last long, and when the new radical, acetyl, 
appeared, Liebig seized upon it in order to explain the constitution of 
those compounds, which, like Zeise's platinum compounds and 
Dumas' oxamethane, contained no ethyl radical, without having 
recourse to the etherin theory to which he was a firm opponent. 
Like his predecessors he established an analogy with ammonia and 
its derivatives by introducing into the latter the radical amide.^ 

Letting Ac stand for acetyl, C4H0, and Ad for amide, N2H4, the 
series of compounds appeared with the following formulae : 



AcH, 


Olefiant gas. 


AdH, 


Ammonia. 


ACH4 


Ethyl. 


AdH^ 


Ammonium. 


ACH4O 


Ether. 


AdH^O 


Ammonium oxide. 


A0H4CI, 


Ethyl chloride. 


AdH^Cl- 


Salammoniac 


AoH^O+HjO 


Alcohol. 


** *^4  




AoH^S+HjS 


Meroaptan. 


AdH^S+HjS 


Ammonium sulphide 


AcHt+2S0,« 


laethionic acid. 


AdHj+SO, 


Rose's anhydrous 
ammonium sulphate. 


— 


— 


aAd+200 


Urea. 


.1. 


.^ 


Ad+2C0 


Ozamide. 



ACH4, Ad +20,0, Oxamethane. — — 

The new theory also enabled Liebig to include in his scheme 
aldehyde, chloral, and acetic acid, which appeared as follows : 

C4He,0 + H20 Aldehyde 
C4Cle,0 + H;,0 Chloral 
C4Hfl,03 + H^O Acetic acid 

The introduction of the new acetyl radical C4HS into alcohol and 
its derivatives never actually replaced the older ethyl radical which 
continued to be used by the German chemists, whilst etherin was 
retained in France. 

The Chemistry of Compoiind Sadieale. With the year 1840 
the first chapter in the history of organic chemistry may be said to 
close. Although organic chemistry was still concerned with products 
of a vital force, and with the compounds derived from them by the 
action of chemical reagents, the dominant idea was the compound 
radlcaL It was around the compound radicals that the various organic 
substances were grouped. In Liebig*s treatise, which was published 



1 Annaim, 1889, 80, 129. 

* This formula represents the anhydride of the acid. After Begnault's dis- 
covery of its preparation from sulphur trioxide and olefiant gas, it was usually 
represented as a compound of etherin and sulphuric anhydride 
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in 1840, all the well-defined compound radicals, whether containing 
carbon or not, are included. Separate chapters are devoted to amide, 
oxide of carbon (the radical of oxalic acid), cyanogen, benzoyl, cinn- 
amyl, salicyl, ethyl, acetyl, methyl, formyl, cetyl, amyl, and glyceryl. 
They were hypothetical groups which might or might not be 
capable of separation, but their admission was a necessity and their 
existence in the compound more than probable. Organic chemistry 
was defined by Liebig as the chemistry of the con^mmd radical. 

Theory of Substitiition. Meanwhile a movement had begun, 
which, gathering force as it advanced, swept away two ruling 
principles, the one^ the electro-chemical theory, the other, the pre- 
existence, as it was termed, of radicals as unalterable groups of 
elements, or proximate constituents of organic compounds. It 
was the direct result of the study of a chemical process which 
has been termed substUtdion, The idea of substitution was not 
a new one. The substitution of a metallic oxide for water in an 
acid hydrate to form a salt, and Mitscherlich's discovery that 
the crystalline form of a compound is often retained when one 
element replaces another, were well known to chemists. Among 
organic compounds, the action of chlorine on hydrocyanic acid had 
been found by Gay-Lussac to give cyanogen chloride, Liebig and 
Wohler had obtained benzoyl chloride from bitter ajmond oil, and 
Faraday prepared carbon sesquichloride, 02Cle, from Dutch liquid 
in the same manner. 

Dumas' Law of Substitiitions. In 1884 Dumas' attention had 
been directed to the action of chlorine on organic compounds by 
observing, as Gay-Lussac had previously done, that when wax is 
bleached by chlorine a portion of the hydrogen is replaced by 
chlorine. He found also that, when chlorine acts upon turpentine, 
for every volume of hydrogen removed an equal volume of chlorine 
enters. He then repeated Liebig's experiments on the action of 
chlorine and bleaching powder upon alcohol, and carefully analysed 
the products. Prom the result of these researches he formulated, in 
1884, the following empiric law of substitutions^ 

1. If a body containing hydrogen be acted upon by chlorine^ 
bromine, or iodine, or oxygen, for every atom of hydrogen which 
it loses, it takes up one atom of chlorine, bromine, or iodine, or half 
an atom of oxygen. 

2. If the compound, besides hydrogen, contains oxygen, the same 
rule holds without modification. 

I Arm, Chim. Pkya., 1834, 66, 118. 
PT. I O 
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3. If a body contains water in addition it first loses the hydrogen 
of the water without replacement ; if hydrogen is then remoTod, it 
is rephuMd in the aboye manner. 

The first two propositions require no comment; the third was 
introduced in order to ezphun such reactions as the conyersion of 
alcohol into chloral, and alcohol into acetic acid. The reactions 
were written thus: 

(CgHg + H4O2) + 4a » CgHgOg + 4HC1 

AlcohoL Aldehyde. 

CgHgOj + 12C1 = CeHgCljOj + 6HCI 

ChlonL 

(CgHg + H4O J +04= (C8H4O, + H4O J + H4O, 

Alcohol. Aeetie acid. 

The study of substitution, to which Dumas gave the name of 
meUdepssf (f^TaXi^^is, exchange), attracted many of the French 
ehemistsy among whom were Peligot, Malaguti, and Begnault, who 
studied the action of chlorine on ethyl chloride and ether, and 
Laurent, who inyestigated its action on naphthalene,^ and with 
Begnaulty on Dutch liquid. As a result of Laurent's observations, 
the following rules were added to the laws of Dumas : 

' When chlorine, bromine, oxygen, or nitric acid replace hydrogen 
in a hydrocarbon, the hydrochloric acid, hydrobromic acid, nitrona 
acid or water fonned are either liberated or remain combined with 
the product'.' 

LavmVs Vndens Theocy. Upon this foundation Laurent 
coDstructed, in 1837, his nucleus theoiy.' Laurent assumed that 
every organic compound contained a hydrocarbon nucleus or radicaL 
These were the primary nuclei (noyaux fondamentaux), and were so 
chosen that the elements composing them were present in even 
numbers (see p. 28). Other elements or groups of elements can be 
added on to the primary nudeL When the hydrogen in the primary 
nucleus was replaced by equivalents of other elements, the halogens, 
oxygen, nitrogen, &c, 8ee(mdarjf nudei (noyaux d^riv^) were pro- 
duced, and the compound remained intacL It was only when the 
elements of the nucleus were permanently removed that complete 
decomposition of the substance ensued. The primary nucleus was 
compared to a prism, the solid angles of which corresponded to 
carbon, and the edges to hydrogen. If these edges are replaced by 
others the geometrical form is unchanged, but should they be 



' Aftn. Ckimu Fkm^, 1885, 59, 19S. * Amn, Ckim. Pftys., 1886, 60, 228. 

* ^iM. Ckimu Pkys., 1887, SI, 125; W6 aljo Gmelin's Handbook^ 7, 18^ 80. 
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romoyed, the system falls to pieces. To the central prism other 
geometrical figures can be attached, on removing which the original 
fonn reappears. The following examples may serve to illustrate the 
theory. By the alternate action of chlorine and potash on defiant 
gas, a number of chlorinated compounds had been obtained. These 
were supposed to contain the primary nucleus 04Hg, The compounds 
were written as follows, the nomenclature being that of Dumas and 
Peligot : 

Stherdne ^4^8 

Ethei-toe hydrochlorate (hydrochloric ether) C^^g + H2CI2 

Ghlor6therase (Regnault's acetyl chloride) G4HeCl2 

,, hydrochlorate (Dutch liquid) C4HeCl2 + H2CI2 

Chlor^therese C4H4a4 

y, hydrochlorate C4H4CI4 + H2GI2 

Chlordtherise C4H2Cle 

, y hydrochlorate C4H2Cle + HsCl^ 

Chlor6therose C4GI8 
Chloride dtherosique (Faraday's sesquichloride 

of carbon) C4CI8 + CI4 

A similar series was derived from methylene and naphthalene, 
whilst alcohol and its oxidation products appeared as follows : 

Alcohol C4H8 + H4O2 

Aldehyde C4HeO + H2O 
Acetic acid C4H0O + Og 

Although Laurent's formulae bore a certain resemblance to those 
of the etherin theory, they really embodied an important new prin- 
ciple, namely, that when chlorine and bromine replace their equivalent 
of hydrogen, the former take the place of the latter, and play to some 
extent the same part in the new compound, in consequence of which 
the compound retains a certain similarity to the parent substance. 

The theory amounted to a revolution. We cannot wonder that it 
should have served as a direct challenge to Berzelius and the followers 
of the electro-chemical school. The principle, once admitted, that 
chlorine, an electro-negative element, could take the place of hydrogen, 
an electro-positive element, and do so without changing the typical 
properties of the new compound, was to shake the very foundation 
of dualism ; for we must remember that it was this opposite negative 
and positive character which served to link the atomic units in a 
compound; it was this dual conception which saw a new hydro* 
carbon radical in every compound in which hydrogen was replaced 
by another element 

c2 
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Berzelius was not slow in replying. His first contemptuous com- 
ment on the new formulae of Laurent appeared in his Jdhresbericht 
for 1887: 'I consider it superfluous to enlarge further on such 
a theory.' He then directed his attack against Dumas, who at once 
repudiated the revolutionary views of Laurent : ^ ' To represent me 
as saying that when chlorine replaces hydrogen it plajrs the part of 
the hydrogen, is to attribute to me an opinion against which 
I strongly protest, as it is opposed to everything I have written on 
this subject. The substitution theory expresses only the relation 
which exists between the hydrogen which disappears and the chlorine 
which takes its place/ and further on, ' It is an empiric rule which is 
of value so long as it holds ; if any one has given it an extension 
which was not in my mind, I am not responsible.' When, how- 
ever, Dumas afterwards (1839) obtained trichloracetic acid bypassing 
chlorine into acetic acid, and found that the new compound not only 
retained the characteristic acid property of the original substance, 
saturating the same amount of base and forming salts and esters, but 
yielded chloroform with potash, as acetic acid yielded marsh gas, the 
analogy between the two was complete, and Dumas henceforth 
participated in Laurent's views. 

* It is clear,' wrote Dumas, ^ that if I accept this doctrine, which is 
based upon facts, I cannot attach any weight to an electro-chemical 
theory which has been the dominant idea upon which Berzelius has 
sought to construct a universal system.' 

'But these electro-chemical ideas, this special polarity which is 
assigned to the atoms of simple bodies, do they rest upon such clear 
facts that they may rank as articles of faith? Or, if they are 
considered as hypotheses, have they the property of adapting them- 
selves to the facts with such certainty that they can be utilized in 
chemical investigations ? It must be conceded that such is not the 
case.' 

' Isomorphism — a theory based upon feicts — has been a true guide 
in mineral chemistry, and, as is well known, has little in common 
with electro-chemical theories.' 

' Now, in organic chemistry, the theory of substitution plays the 
same part as isomorphism in inorganic chemistry, and indeed it may 
happen that future experience will show that both views are related 
and spring from the same cause, which may be combined in a 
conmion expression.' 

* For the present, from the conversion of acetic into chloracetic 
acid and from that of aldehyde into chloral, from the fact that the 

^ CompL rmd,, 1888, 6, 699. 
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whole of the hydrogen is replaced by chlorine, volume for yolumOy 
without changing their original nature we must conclude : 

' UuU there exist m organic chemistry certain types which remain as 
such even affitr their hydrogen has been replaced by an equal volume of 
chlorine^ brominCy or iodifie,' 

' That is to say, the theory of substitution rests on facts, and on 
the most striking facts, of organic chemistry/ 

Ihiauui' Theory of Types. Dumas' Theory cf Types incorporated 
his former law of substitutions and Laurent's propositions under a 
somewhat modified form/ 

The new theory was introduced in order to emphasize the differ- 
ence between the substituted compound and the parent substance in 
which the general character or type was preserved, as in the case of 
acetic and chloracetic acid or aldehyde and choral, on the one 
hand, and, on the other, those substitution products (more especially 
where oxygen replaced hydrogen) which were not related by simi- 
larity of properties as exemplified by alcohol and acetic acid or marsh 
gas and formic acid. The former belonged to the same diemical type 
and the latter to a mechanical or molecular type. 

The two groups may be illustrated by the following examples, 
using Dumas' notation : 

ChsmieeU type, Meehamical type. 

Acetic aeid C^HgHeOA Alcohol G^HcHfOs 

Chloracetic acid C^R^'^UOa Acetic acid Ofi^Kfi^ 

Aldehyde CJI^'Efl^ Manhgas CsH^H, 

Chloral C^HsClfO, Formic aeid CjHaO, 

Dumas pointed out that the properties of a compound lay in the 
arrangement of its atoms and not in their nature. He wrote: 
* Lavoisier's compounds were a combination of a combustible element 
with a combustion supporting element. The electro-chemical theory 
saw in these an electro-negative and an electro-positive element, which 
is a modification of the same thing. This dualism is unnecessary to 
explain the constitution of chemical compounds, the parts of which 
may be compared to those of a planetary system which are held 
together by mutual attraction. They may be more or less numerous, 
simple or complex. In the constitution of the compound they play 
the same part as the simple elements. Mars or Venus, in our planetary 
system^ the atomic group Earth with its moon, or Jupiter with its 
satellites. If in such a system one part is replaced by another of 
a different kind, equilibrium is maintained, and, if the replaced and 

^ Atm, Chim. Phye., 1840, (2). 78« 78. 
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replacing elements resemble one another, the new compound has 
similar chemical properties to the original one. If, however/ they 
differ they belong to a mechanical system, and the chemical similarity 
is difficult to recognize/ 

There was a tendency to carry this theory of substitution too far, 
and when Dumas suggested that even carbon might imdergo substi- 
tution ^ the idea was ridiculed by Liebig.' 

In the meantime Liebig had himself contributed to the overthrow 
of the electrochemical theory. 

The Constitiition of Organio Aeid«. Liebig published in 1838 ' 
a paper ' On the Constitution of Organic Acids '. 

The oiganic acids, it must be remembered, were the only class of 
substances which had representatives of a strictly analogous character 
among inorganic compounds, and any new theories respecting the 
structure of the latter would necessarily include organic acids. 
Before discussing the subject of Liebig's paper, it may be well to 
gain some idea of the views generally held in regard to the constitu- 
tion of acids and salts. In inorganic chemistry salts of oxyacids 
were assumed to be compounds of non-metallic oxides (called acids) 
with metallic oiddes or bases. What we now term acid was the 
hydrato, the water being sometimes termed basic water, which indi- 
cated that in the formation of salts it was replaceable by a base. 
The same principle was applied to organic acids and salts, C2O3 
standing for oxalic acid and C4HQO3 for acetic acid, as already pointed 
out (p. 7). The molecular weight of an acid was derived from the 
neutral salts, which were assumed to contain one equivalent of base 
united to one of acid. Thus, sulphuric acid and the sulphates were 
written SO3 + H^O, SO3 + KO, SO3 + AgO, SO3 + CaO, &c. An acid 
salt was a neutral salt combined with an equivalent of hydrated 
acid ; a basic salt was a neutral salt with an additional equivalent of 
base. Bisulphate of potash, as it was then called, had the formula 
SO3 • H2O + SO3 . KO. The molecular weight of an organic acid, like 
citric acid, was determined from its silver or lead salt. According to 
Berzelius C4H4O4 + AgO was the silver salt of citric acid, C4H4O4 + H2O 
was the acid hydrate, and C4n404 stood for the acid.^ The varying 
basicity of acids was not recognized. 

There was one exception to the above rules. In ordinary sodium 
phosphate the ratio of one equivalent of base to one of acid would 

1 J. prakt Chem., 20, 281. ' Annalen, 1840, 83, SOa 

' ArmaUn, 1888, 26, 118 ; Ostwald's Klassiker, No. 26. 

* These formulae are obviously inoorrect. The correct formula of the acid 
hydrate determined by the method described would be C4H404't-H40,. 
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giye the formula (leaying out water) POj^ + NaO, and this was there- 
fore altered to P2O5 + 2NaO. The additional molecule of water, 
which we now recognize as forming a part of the compound, was 
included in the total water of crystallization. But a curious anomaly 
was discoyered by Clark. In attempting to prepare anhydrous sodium 
phosphate he found that the ordinary crystalline phosphate loses 
water on heating, but forms a new salt, which has properties entirely 
distinct from common sodium phosphate, and does not unite at once 
with water to form the original compound.^ The explanation was 
given by Graham. He showed that there exists in phosphoric acid 
three molecules of water, which are replaceable by one, two, or three 
molecules of base as follows : 

PjjOfl + SHjO ; P2O5 + 2HjiO + NaO ; P2O5 + H2O + 2NaO 5 

PgOfi + SNaO; PaOg + SAgO.'^ 

He distinguished between the three molecules of combined water 
and the water of crystallization. When the water of crystallization 
is expelled no change in chemical properties results ; but if the 
temperature is raised so as to drive off the combined water, then 
salta of new acids are formed. He prepared in this way the sodium 
salts of pyro- and meta-phosphoric acids and the acids themselves by 
heating ordinary phosphoric acid. Graham proved in this way that, 
whereas ordinary phosphoric acid has three replaceable atoms of 
water and is therefore tribasic, pyrophosphoric acid contains two and 
is dibasic, and metaphosphoric acid only one, and is therefore mono- 
basic. 

Liebig carried these researches into the field of organic chemistry. 
He found, for example, that citric acid, like phosphoric acid, formed 
three series of salts, and that the analysis of the acid dried at 100° 
did not agree with the formula of Berzelius, but must be represented 
by CxsHiqOii + 8H2O. The analogy between phosphoric and citric 
acid eould be carried even further, for citric acid on heating loses 
water and is converted into pyrocitric acid (citraconic acid), which is 
dibasic The old rule for determining the molecular weight of an 
acid as the quantity, which saturates one equivalent of base, had to 
be relinquished, and it now became necessary to fix beforehand the 
basicity of the acid before the weight of the molecule could be ascer- 
tained. Liebig's rule was to find, in the first instance, whether the 
acid was capable of uniting with more than one kind of base. Thus 
tartaric acid was dibasic, as it formed, in the case of Bochelle salt 

> PhiL Trana., 1883, 2, 280. 

' The eqaivalent notation in which phosphorus had double its present combin- 
ing weight represented phosphoric acid as FO5 . 
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and tartar emetie, a tartrate, of potash and soda, and of potaah and 
antimony oxide. Sulphuric acid, on the other hand, remained 
monobasie, because a sulphate with two bases was unknown. The 
acid sulphates continued to be written as a double molecule of add 
and neutral salt 

At the close of the paper Liebig reyiews the whole question of the 
presence of water in acids. He saw that the separation of water by 
the action of a base on an acid is an insufficient explanation, for the 
oxygen of the water may be conceived as coming from the metallic 
oxide just as well as existing already combined in the acid hydrate. 
Moreover, in the case of organic acids the presence of water is im- 
probable, since the anhydrous acids are purely fictitious entities^ 
having never been isolated. 

Liebig revived the theory of Davy (1809) and Dulong (1819) in 
regarding acids as compounds of hydrogen,^ and he pointed out, as 
they had done, that it wns illogical to separate the halogen acids, 
hydrocyanic acid, and hydrogen sulphide from the oxyacids by an 
artificial barrier. He further contended that if, for example, silver 
sulphocyanide is CyjS+SAg, the silver, being already present as 
aulphide, should not separate in this form when hydiogm sul- 
phide acts upon the salt, but the reverse actually happens ; i( then, 
silver sulphocyanide is Gy^Ss-f Ag and the sulphocyanic acid is 
CysSj + H), then cyanic acid must be CyjO^ + H^, and so on with the 
other acids. 

The conception of acids as compounds of hydrogen did not at ones 
replace the older view, but by affording a simple and legitimate 
inteipretation of the formation of salts from acids by the subetitn- 
tion of hydrogen by a metal, it threw doubt on the validity of the 
electro-chemical theory. 

Oedutfdt a&d Lavrent. The theory of polybasie acids was 
subsequently modified and expanded by Charles Gerhardt and 
Auguste Laurent, two chemists whose names will always be linked 
together in the history of chemical science. They were essentially 
reformers, and, like many ardent reformers, they relentlessly threw 
over time-honoured formulas and rode rough-shod over cherished 
traditions. In their place they set up empiric rules of classification 
and artificial systems of notation and nomenclature which were 

* Davy sapported his view on the ground tbai potaasiom chlorate parts with 
its oxygen on heating and forms potasainm chloride, and conclnded that this 
stronger al&nitj of the metal for the acid than for oxygen must also obtain 
among the oxyadds. Dulong based his opinion on the constitution of the 
oxalates, which he regarded as carbon dioxide united to the metal, thns: 
8C0< r Pb and oxalic acid 2C0,-I>H«. 
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difficult to underatand or assimilate. They thus alienated the Sjnm- 
pathy of their fellow chemists, who treated them in a manner now 
painful to contemplate. Although no action on the part of Gterhardt 
and Laurent justified such treatment, yet it must he confessed that 
had they adopted a less uncompromising attitude towards men who 
were their seniors in years and reputation, it would have gone far to 
soften the asperities of a situation which they unfortunately helped 
to create.* 

Thm Vnitery Bjwtm* Qerhsidt and Laurent clearly saw the 
confusion into which the electro-chemical theory had plunged organic 
chemistry, and they set themselyes resolutely to extricate it from the 
network of vague and unprofitable speculations in which it had 
become involved. In Laurent's preface to his Chemical Method* he 
writes : ' The confusion which reigns in the ideas is even greater than 
that which obtains in the facts ; for the principles upon which the 
majority of chemists rely for the explanation and co-ordination of 
Cncts are so vague, so uncertain, that not only do two chemists explain 
the same phenomena in two different ways, but even one and the 
same person abandons an explanation he gave yesterday for a new 
one he proposes to-day, and which he will abandon to-morrow for 
a third.' Gerhardt, in his FrMs de Chimie Orgamque (1844), says 
much the same thing : ' When a chemist at the present time observes 
a reaction or analyses a new substance his first care is to conceive 
a little theory which shall explain the phenomena according to 
electro-chemical principles, and it is custonuiry to create a hypo- 
thetical radical in order to adapt these principles to the new com- 
pound ' ; and again, ' Sis or seven formulae have been suggested for 
alcohol, each observer trying to support his own ; but after all, each 
of these formulae is but the expression of one or two reactions. Upon 
one thing only are we agreed, and that is the empiric formula for 
alcohoL' They laid aside the electro-chemical theory and the doctrine 
of the compound radical as fixed, proximate constituents. Organic 
compounds were no longer binary compounds, nor an arrangement 
of certain fixed groups of element& They were, as Dumas expressed 
it, idifices smpLeSj simple structures, in which one or more elements 
might be replaced by others* In opposition to the binary or dualistic 
principle the system was termed wnUary. Reactions were expressed 
by equations, but not in the customary fashion, for they did not, by 
introducing radicals, formulate any preconceived internal structure of 

1 ru d$ CharUt Qerkardt, by Orimaux and Oeriuirdt, Mawon & C**, Paris, 1900. 
' Chemical Melhod, by A. Laorent, tnuis. by W. Odling, Cavendish Society's 
Publieations^ London, 185fi. 
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the substances taking part, but merely indicated the interchange of 
constituents. The interchange was ascribed to the stability of such 
combinations as water, hydrochloric acid, carbonic acid, and ammonia, 
which, though they might be eliminated in the process, did not there- 
fore pre-exist in any of the react^ig substances. The new compound 
was formed by a double decomposition accompanied by the removal 
of a part of the reagent, in combination with part of the reacting 
substance, and the residues or resiimts then united, 

GerliardVs Theory of Besidnes. This embodied the principle 
of Gerhardt's system of residues and copulated compounds which 
appeared in 1839.^ The fundamental idea was that of substitution, 
for, according to Gerhardt's rule, ' the element which is removed is 
replaced by the equivalent of another element or by the residue of 
the reacting substance.' 

Gerhardt represented the action of nitric acid on benzene thus: 
residue product eliroiiiAted residue 

c^H^ hTTo oIhn 

> ^^.^ . — ^- % — 

Benzene Nitric noid 

The residue HNO2 replaced the atoms of hydrogen in benzene. The 
action of ammonia on benzoyl chloride was expressed in a similar 
way : C7H5OOI + NH3 « CtHsOCNHj) + Ha 

Chlorine is removed from benzoyl chloride and hydrogen from 
ammonia, and the two residues unite to form benzamide. 

Coi^liigated Compoimdtf. The introduction of the term copula or 
conjunct arose in the following way: the action of nitric acid on 
benzene, or sulphuric acid on alcohol has no parallel in that of an 
acid on a base in inorganic chemistry, except that water is removed. 
Nitrobenzene is not a salt, for the acid and base cannot be replaced 
by other acids or bases, and in sulphovinic acid and the sulphonic 
acids the sulphuric acid can no longer be detected by ordinary 
reagents. The original constituents are completely masked and the 
residues may have their atoms differently arranged. They are, as 
Dumas expressed it, in a form of substitution,^ The action of nitric 
acid on benzene can be represented as a substitution, as already 
pointed out, but not that of sulphuric acid on a hydrocarbon or 
alcohol, for the saturation capacity of the acid, according to the 
formulae then in use, remains unchanged. Different, bases may 

* Ann. Chim. PAys., 1889, 72, 180. 

' This form qf aubititution bears a close resemblance to non-ionisable com- 
pounds. 
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3ataraie the acid, but the organic consiitiieiit ramaiDS permanently 
attached. This indifferent residue which was attached to the acid 
was called by Gerhardt^ the copula and gave rise to the term 
copulated compounds (sels copula), which, however, yery soon lost 
its original meaning. When the different basicities of the acids 
was recognized and sulphuric acid became in €rerhardt*s system 
dibasic then the term copulated compound or conjugated con^pound, 
as it ¥Fas called by Dumas, received the following interpretation:' 
'The basicity or saturation capacity of a conjugated compound is 
always less by one unit than the sum of the basicities belonging to 
the two original substancea* Thus benzenesulphonic acid, obtained 
from benzene and sulphuric acid, is monobasic^ whilst benzene- 
sulphobenzoic acid, which is formed from benzoic acid and sulphuric 
acid, making a total of three units of basicity, is dibasic. When the 
majority of organic compounds with acids was embraced by the term 
conjugated, this rule was applied to determine the basicities of acida 
It was taken as a proof that nitric acid was monobasic because it 
formed a neutral compound with benzene. 

Fosmiilae of Oerliazdt aad Lavvmt. The attempt to attach to 
the terms atom, molecule, volume, and equivalent a definite and 
logical meaning and to establish a rational system of chemical 
formulae was one of the most important services rendered by 
Gerhardt and Laurent to chemical science. It has already been 
stated that the different opinions which existed on the interpretation 
and in the application of these expressions, was such that many 
chemists had renounced the atomic system of Berzelius and taken 
refuge in Gmelin's equivalent notation. Their troubles were not at 
an end and difficulties still pursued them. It could scarcely be 
otherwise so long as the molecule remained an indefinite quantity. 

Gerhardt' introduced a new principle. Reviving Avogadro s law, 
though in a somewhat restricted sense, he proposed to make the 
equivalents^ by which he implied molecules, of all volatile compounds 
and gases correspond to equal volumes. For this reason he reinstated 
Berzelius' old formula HjO for water, seeing that it was composed 
of two volumes of hydrogen and one of oxygen. From the density 
of mercury vapour, mercuric oxide received the formula Hg^O in 
place of HgO, and the other basic oxides were referred to the same 
general type M^O. The result was that the atomic weights of all 

1 Ann, Chim, Fhys,^ 1889, 72, 186 ; Omelin's Eandbooky 7, 218. 

* Precis de (3U'mi« Organiq^e, I, 98 ; Laurent's Chemiaa Mdhod^ p. 211. 

* Prieis de ChimU Organiqtte, I, 52. 
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the metak were halved, whereby only the alkali metals and sDiner 
received their present values. 

Law of Sven Vvmbers. In his original memoir published in 
1842 Gerhardt^ determined the molecular weight by taking the 
weight of four volumes of vapour (compared with one of hydrogen). 
Finding that by so doing the number of molecules of water or 
carbonic acid removed in a chemical decomposition was always even, 
he proposed to double the molecular weights of these substances 
whereby they would become equivalent to ammonia N^H^ and 
correspond to four volumes. The decomposition of benzoic acid into 
benzene or of lactic acid into lactide were usually represented as 
follows: 

G|4Ui2^4 ^ O12H12 "*" 2CO2 

Benzoic acid. Benzene. 

CA2O6 « C,H804 + 2H,0 

Lactic acid. Lactide. 

It naturally followed that every organic compound contiuned an 
even number of carbon atoms, which suggested to Glerhardt and 
Laurent the idea embodied in their empiric 'law of even numben', 
according to which the sum of the carbon and oxygen atoms on the 
one hand and of hydrogen, the halogens, metal and nitrogen, on the 
other, was divisible by 2. 

These views were very soon modified. In the Ihnicis de Chimie 
Organique already referred to, in place of four volumes the two volume 
basis of molecular weights is adopted, and all the formulae are halved: 
Hydrochloric acid, anmionia and water appear as HGl, NH, and 
HsO, ether is C4H10O and alcohol G^HeO, &o. The Law of Even 
Numbers was restricted to the sum of the hydrogen halogens, 
nitrogen, phosphorus and arsenic atoms. The law still holds, and 
depends on the quadrivalenqr of carbon. Though at the time purely 
empirical, it had the effect of drawing attention to many formulae^ 
which proved to be inaccurate and which were corrected and 
simplified. 

Basicitgr of Aeids. The halving of the atomic weights of the 
metals and the introduction of the two volume standard of molecular 
weights^ brought out clearly the relation between related compounds. 
Acetic acid was now written G2H4O2 and silver acetate GsHjAgO^, 
oxalic acid was CJS,fi^ and silver oxalate CsAg204. The basicity of 
the acid appeared as the number of hydrogen atoms replaceable by 
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m mefad, and basic waterneoeauaUj Taniahed. The series were written 
as follows: 



Kline wad liO, . H Solphiirie acid SO4 . H, Fhospliorie acid PO4 . H, 

Fomje „ CHO,.H Oxalic „ C1O4.H, Citric „ C^Ufiy.B,^ 

▲eelie „ C^A-H 

Other eriteria of basicity were afterwards added by Gerhardt and 
Itforent. It was no longer essential that an acid to be dibasic should 
form a doable salt with two different bases, as defined by Liebig 
(p. 23^ An acid, if monobasic, formed one salt, one ether and <me 
nentnl amide. It was dibasic if it formed an acid and neutral salt 
an add and neutral ether and an acid and neutral amide^ as well as an 
acid chloride containing two atoms of chlorine. 

Sulphuric acid and oxalic acid were consequently dibasic and 
fi>rmed the following series of derivatives : ^ 

Qzalieaeid €,04. H, Sulphuric add SO4.H1 



PMaannm ethyl oxalate G,04(G,Hs^K Potaasiam solphate S04.K« 

Diekhjl oxalate Cfijic^n^\ Potaasium bisalphate SO4.KH 

Oxamide C,O^NH«), SulphoTinie aeid S04CG,Hs)H 



acid C,0,(NHf)H EthjUe ralphate SO^iC^E^) 

The radicals, at first entirely discarded by Grerhardt^ were afterwards 
introduced into his residues. It was clear that in a substance like 
acetic ether some kind of fixity existed between the constituent 
parts, acetic acid and alcohol, from which it was obtained and into 
which it could easOy be converted. 

QmAaxdVu Bfmt&m of CUundileatUm. We cannot conclude an 
account of Gtorhardt's contributions to organic chemistry without 
a brief reference to his system of classification which appeared in 
the Prtds of 1844. He begins by defining organic chemistry as the 
tkemistty of cathon eompaundSf and proceeds to show how living 
nature has elaborated the most complex of these substances, the 
simpler ones being products of their decomposition. The latter may 
be obtained artificially; but the chemist has not yet succeeded in 
building up the former. He then proceeds to explain how a simple 
daasification may be obtained by arranging compounds having 
ggmilM' properties according to the number of carbon atoms which 
they contain, and which he termed echdle de combustion. In the 
different series the carbon and hydrogen appear in the ratio of one 
to twou Expanding an idea which Dumas had applied to the organic 
adds, and Schiel (1842) to the alcohols, Glerhardt pointed out that if 
J2 stands for this latio^ then marsh gas and the paraffin serisB are 

> Lauxent's Chemical MeOM (Eng. trana.), 61, 70, and 2SGc 
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represented by 22^^, the alcohols by B^W, and the acids by B0\ Ac 
To these series he gaye the name of corps homohgues. He arranged 
all organic compounds according to the number of their carbon 
atoms on the same rung of his * ladder ', and called it sl family, 

LavrenVs Atoauip Moleeiilesp aad Equivalents. In his new 
system Gerhardt regarded as synonymous the terms atom, equlya- 
lent, and yolume, by which he understood what we now express by 
the word molecule. Laurent^ drew clearer distinctions between 
them. An equiyalent, he stated, was a number which in addition 
to indicating the combining weight also expressed a function of 
an element Thus, the quantity of different bases required to 
neutralize the same quantity of acid is its equiyalent. The quantity 
of oxygen which replaces hydrogen in a compound is its equiyalent, 
but this does not imply an equal number of atoms ; for it is generally 
found that an atom of oxygen will replace two atoms of hydrogen. 
These equiyalents are not easy to determine ; for different groups of 
elements haye frequently entirely different functions, which cannot 
be directly compared. Manganese in the manganous salts is equiya- 
lent to calcium ; in the manganates it is equivalent to sulphur (as in 
the sulphates) ; and in the permanganates to chlorine (as in the per- 
chlorates). But if, he said, we assume that equal yolumes contain 
an equal number of atoms (molecules), the atoms become strictly 
comparable quantities independent of the function of the elements 
they contain. In reactions with chlorine Laurent obseryed that the 
atoms taking part are inyariably an eyen number. Thus, from naph- 
(halene and chlorine new products are formed both by addition and 
substitution : 

OioHg + CI2 «■ CioHgClj 

CioHg + 2CI2 ■= CjoHgCl^ 

CioHg + CI2 «= CioH^qi + HCl, &c 

Adopting the suggestion made by Ampere that the atoms of 
hydrogen and chlorine are divisible,' he concluded that the elemen* 
tary gases are composed of two atoms, and he then formulated the 
distinction between atoms and molecules, which had been pointed 
out so clearly forty years before by Ayogadro and Ampere, and 
which we still accept. When atoms of hydrogen and chlorine unite 
they do not simply become attached ; but the molecules of hydrogen 
and chlorine first divide into atoms : 

HH + ClCl-HCl + HCL 

It was then no longer necessary to distinguish, as Gerhardt had 

1 Chemical JMAod, p» 7. * Chemical MUhod, p. 66. 
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done, between the atoms of elementary gases, which were determined 
hoxa the weight of single yolomes, and those of volatile compounds, 
which were fixed by the ratio of two Tolumes to one of hydrogen. 
The molecules of all gases could now be brought into line and deter- 
mined on the two yolume basi& It was considerations of this 
nature, as well as the law of even numbers^ which suggested to 
Laurent the formula Cyj for free cyanogen, instead of Gy, and 
(CHa)^ for that of the newly discovered radical methyl in place 

of CH3. 

In spite of views thus clearly expressed and fully endorsed by 
both Laurent and Gerhardt, it is curious to find in Oerhardt's treatise 
on Oiganie Chemistry, the first volume of which appeared in 1858, 
the reappearance of the atomic weights and barred symbols of Berze* 
lius, an account of the new system being relegated to the last volume 
of the book. The strong prejudice which still existed in favour of 
the old notation is evident from Oerhardt's reply to Pebal who ques* 
tioned him on the subject: ^My book would never have found a 
purchaser/^ The new system made few converts until after the 
appearance of the celebrated brochure of Cannizzaro in 1858,' in 
which the principle of determining molecular weights by means of 
the vapour density was systematically laid down and logically carried 
through. Until that time the equivalent notation of Gmelin became 
almost universal. 

We must interrupt the narrative at this point in order to follow 
the fortunes of Berzelius and his followers, who still adhered to the 
radkal theory^ as it was termed, in opposition to the theory cf wh- 
stUutiofL 

Thm Beho€l of Beneliiu: After a masterly criticism of Dumas' 
theory of types,' Berzelius drifted entirely away from the French 
school, which now claimed Liebig and a growing number of the 
younger German chemists among its adherents. Nothing could 
shake his £uth in the electro-chemical theory to which he clung 
more firmly than ever. 

Beviving Lavoisier*s definition of a radical, Berzelius wrote : ' An 
oxide cannot be a radicaL The very meaning of the word indicates 
that it is the body which is united to oxygen. To regard a radical 
as an oxide would be equivalent to supposing that sulphurous acid 
(SO2) is the radical of sulphuric acid, and manganese peroxide (MnO^) 
that of manganic acid.' 

^ Ovtwald'a Ktai$aur, No. 80, p. 66^ footnote. 

* Nmto GwMnIo, 1868^ toL yiL * JoArvib., 1840, 20, 260. 
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As only carbon, hydrogen and nitrogen could form part of an 
electro-positive radical, chlorine as well as oxygen had to disappear 
from the radical. Benzoyl O14H10OS the radical of benzoic acid, 
originally accepted by Berzelius, was now replaced by 'picramyl' 
G14H10, and the chlorine substitution products were explained as chlo- 
rides of hydrocarbon radicals. A difficulty was presented by bodies 
which contained both chlorine and oxygen. In such cases it became 
necessary to double and sometimes to treble the original formula. 
This led to the introduction of the copula or conjunct (BaarUng), an 
expression borrowed from Gterhardt, but employed in an entirely 
different sense. Thus, phosgene was written GO^ + OCI4, that is a 
compound of oxide of carbon united to the conjunct^ chloride of 
carbon. For the same reason benzoyl chloride became: 

2G14H10O3 + C]4Hio01^ 

Thus Berzelius continued laboriously to construct his electro-chemical 

formulae upon a foundation which every moment became more 

insecure.^ 

Chloracetic acid and acetic acid were at first regarded by Berzelius 

as distinct and unrelated, acetic acid being the trioxide of acetyl 

GfH^ whereas chloracetic acid was oxalic acid united to the conjunct, 

chloride of carbon, 

G^ae + GaOg + HaO. 

The complete analogy shown to exist between the properties of 

the two substances (p. 20) and Melsens' discovery (1842), that 

chloracetic acid can be converted by reduction with potassium 

amalgam and water into acetic acid, removed this shadowy distinction, 

and both substances now appeared as conjugated compounds of oxalic 

acid, one containing the radical methyl G2H0, and the other chloride 

of carbon CjOl^ : 

CgHe + GaOs + HaO 

CjCl^ + CA + H2O 

The replacement of hydrogen by chlorine in the conjunct did not, 
according to Berzelius, materially affect the properties of the 
compound. 

Still the one compound was virtually, although not admittedly, 
a substitution product of the other. In his satisfaction in the con- 
junct he had sacrificed the integrity of the radical and tacitly accepted 
the principle of substitution. 

In 1845, Hofmann announced the discovery of the chlorinated 

1 Jahntb., 1889, 18, 875. 
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and Immiiiiated anilinfiis' >^<1 later the iodo-, cymno- and nitro-anilines, 
wtddi still retained the basic character of the original compound, 
although the property was weakened in proportion to the amount 
€i hydrogen replaced. Berzelius explained the change by repre- 
senting aniline, as he represented the alkaloids, as ammonia con- 
jugated with a hydrocarbon Gi^Hg + NgH^ ; chloraniline would then 
be ammonia attached to the conjunct G12H0CI2. This view was 
at first accepted by Hofmann,* but he soon found a difficulty in 
explaining the anomalous behaviour of aniline oxalate, written 
Vfi^{Gi^H^)H2^2^if which, unlike ammonium oxalate, refused to 
yield a C3ranogen derivatiye on heating. This anomaly is remoTed 
if aniline is an amido compound ; for if water is eliminated from 
(CiJEifjEi^^2 • H^C^^O^ the radical phenyl C12H10 must be destroyed.' 

Thus aniline and its derivatiTes took rank as phenyl substitution 
products of ammonia. 

In spite of the rapidly accumulating evidence in fiivour of the 
sabstitntion theory, Berzelius never relinquished the electro-chemi- 
cal theory which he had so carefully constructed and so warmly 
defended. 

In the Treatise of 1827 he prophetically wrote: 'An opinion 
long held often brings conviction of its truth. It hides from us 
its weaker points, and thereby renders us incapable of accepting 
adverse views.' ^ Tet nothing could be more tmjust than to infer 
that the views of Berzelius, misleading as they proved, were unpro- 
ductive. 



160 of Fnaklaiid and Xdlbe. Two disciples of his 
school, Frankland and Eolbe, contributed between the years 1840 
and 1850 a aeries of researches of supreme importance to organic 
chemistry, which now rank among the classics of chemical literature. 
Kolbe's opinions were influenced by the results of his first important 
investigation (1844) on the action of moist chlorine on carbon bisul- 
phide;* for it is here that the galvanic battery is first mentioned ' as 
perhaps affording the experimenter a powerful instrument for 
disclosing the chemical constitution of organic compounds'. The 
reaction in question gave rise to a product, which was decomposed 
by potash, forming trichloromethylhyposulphuric acid (trichloro- 
methylsulphonic acid). By the successive replacement of chlorine 

> Catm. Soe. JtfMiotrv, 1845, 2, 266 ; JmuUen, 1845, 53, 1 ; 54, 28. 

• AnmJm, 1848, 67, 172. 

' Armstrong, Memorial Lecbtrej Chtm. 8oe, J., 1888, 656. 
« Treatise (1827), toI. iii, p. 50. 

* AmiaUn, 1845, 54, 145. 
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by hydrogen Kolbe obtained a aeries of eompoonda which in the 
barred notation of Berzelios appeared as follows: 

SO + CfCla, S2O5 
SO + aSClj, Sfis 
SO + C^U^ ^0« 
HO + CjB^SA 

The compoonds woe represented by hyposolphnrie acid conjugated 
with methyl or sabetitated methyl radicalB^ forming a paialM aeries 
with acetic and chloraoetic acids : 

BO + CM» C^Oj 
BO + C^Bei^ CiOi 
BO + C^B^^L C A 
B0 + (^B3,GA 

'The following facts,' he oondndes^ 'stand in a certain relation to 
the new theory of snbetitation, and appear at first si^t to lend it 
powerfol support.*^ 

Whilst formally admitting the principle of sobstitation,' Kolbe 
maintained an unshaken £uth in the radicals as fffOTimate eon- 
stitaaits of organic componnda^ which, howerer, can nndogo 
snbetitation by chlorine, Iffomine^ amide^ nitrogen peroxide, ftc^ and 
the object of many of his polemical writings was to rehabilitate the 
radical theory when the riral type theory of Gerhardt^ to which 
reference will shortly be made, threatened to replace it 

It was in the attempt to isolate the radicals that Kolbe and 
Frankland discoTered the first general synthetic methods for p(«- 
paring the paraffins. As far back as 1834 Liebig had suggested the 
possibility of isolating the radicals^ and eyen suggested a method for 
doing sa' In 1839 L6wig announced the separation of ethyl €48^ 
by the action of potassium on ethyl chloride,* but it is improbable 
that the substance he describes was the compound in question. 
By acting upon ethyl cyanide with potassium Frankland and Kolbe 
hoped to ramove the cyanogen and liberate ethyL* A gas was 
eYolved which corresponded in composition to the radical methyl 
CsB^.* In the expectation of preparing methyl chloride they treated 
the gas with chlorine, and obtained a compound which could be 
liquefied under pressure, and had the composition C4^€3. !n»e 
substance was in &ct ethyl chloride, and the hydrocarbon^ frenn 



1845, 64, 187. « Anmalm. 1850, 75, 21C 

18S4, 9, 15. « Pogg., udm., 18S9, 46, 6ML 

», 1848, 65, 269. 

* Tbis was expUined by n^pociiig ethyl C^H, to break up into methyl C«Qa 
and olefiant gn Cfi^, 
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which it was obtained, ethane ; but, by some alleged discrepancy in 
propertieSi the true nature of the reaction escaped them, and the 
chloride was described as a conjugated compound of methyl with 
chloromethyl C.S3. CsB.ei. 

Other hydrocarbons, and the first of the highly interesting class of 
organo-metallic compounds, were afterwards obtained by Frankland,' 
who^ in continuation of the same line of inyestigation, substituted 
the iodides of the radicals for the cyanides and zinc for potassium. 
By the action of zinc on ethyl iodide a hydrocarbon was obtained, 
which was looked upon as the free radical, written now without 
barred atoms, C4H5,' whilst zinc, ethyl iodide and water, when 
heated under pressure, gave a hydrocarbon which was identical with 
that previously obtained by Frankland and Kolbe from ethyl cyanide 
and potassium, and was consequently methyl G^Hs. Then followed 
the discovery of zinc methyl, zinc ethyl, &c., and the corresponding 
tin and mercury compounds and their oxides, whilst Ldwig and 
SchweizAr' succeeded in obtaining the antimony derivatives, Wanklyn* 
discovered potassium and sodium ethyl, and Friedel and Crafts,^ 
silicon ethyl. 

Not the least important of the contributions made by Kolbe and 
Frankland to organic chemistry, was the discovery of the synthesis 
of organic acids from the cyanides of the radicals." This research 
was again suggested by Berzelius' views on the constitution of acetic 
acid, which represented it as oxalic acid conjugated with methyl. 

It was well known that cyanogen in aqueous solution gradually 
changed to the ammonium salt of oxalic acid and that hydrocyanic 
acid eould be converted by alkalis into formic acid, which was 
written as oxalic acid conjugated with hydrogen H, C2O8 + HO. 

It naturally followed that methyl cyanide should yield methyl 
oxalic acid, i. e. acetic add, and so with the other cyanides. The 
experimental results fully corroborated theee conclusions. More- 
over, it brought out dearly the relationship of the acids as 
a series of hydrocarbon radicals having a group C2O8, HO in common, 
which translated into our present notation corresponds to carboxyl : 

HO + H, C^Oa Formic acid 

HO + C2H3, CaOg Acetic acid 

HO + C4H5, GjiOg Propionic acid, Ac 

> Qmurt J. Ck^nu 8oe., 1849, 2, 268 ; Annalen, 1849, 71, 171. 

* Although Kolbe used the barred atoms in his formulae, and continued to do 
•o mm late as 1860, they were dropped by the majority of chemists, who employed 
only the equivalent notation (C « 6 ; « 8, &c). To avoid confiision the barred 
atom is heoeeforth omitted in all the formulae. 

' jlnnalm, 1850, 76, 816. « Annalm, 1858, 108, 67. 

* jLnnakn^ 1868, 127, 81. • Annaim, 1848, 65. 288. ^ 
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In direct relation to this research stands Eolbe's investigation into 
the behaviour of the fatty acids on electrolysis, which resulted la the 
discovery of a new synthesis of the paraffins.^ It arose out of an 
attempt to oxidize the oxalic acid of the acids to carbon dioxide in 
the hope of liberating the radical with which it was united ; or in his 
own words, ' Starting from the hypothesis that acetic acid is a con- 
jugated compound of oxalic acid and the conjunct methyl, I considered 
it, under these circumstances, not at all improbable that electrolysis 
might effect a separation of its conjugated constituents, and that in 
consequence of a simultaneous decomposition of water, carbonic acid 
as a product of the oxidation of oxalic acid might appear at the posi- 
tive, while methyl, in combination with hydrogen, viz. as marsh gas, 
would be observed at the negative pole/ Although the process did 
not take place quite iti the manner anticipated, the success of the 
experiments is too well known to be recapitulated in detaU. The 
radical methyl C^Hs (in rmality ethane) was supposed to be liberated 
from acetic acid, and valyl C3H9 (in reality octane) from valeric acid.' 
The idea of the copula or conjunct which was requisitioned by 
Berzelius to divide or duplicate his formulae for dualistic purposes, 
received from Kolbe a rather more definite signification than Berze- 
lius had attached to it, and led to very interesting developments. 

If all the organic acids are conjugated oxalic acids, it follows that 
the character of the radical will undergo a change in conformity with 
this view. For example, the original acetyl radical C4He of Regnault 
which was employed to show the relationship between aldehyde, 
acetic acid and allied compounds (p. 16), was now broken up by 
Kolbe into the conjunct methyl, which was attached to carbon thus, 
(C2H3)"C2. The radical contained two pairs of carbon equivalents, and 
different functions were ascribed to each. It was the pair lying 
outside the radical which was supposed to afford the point of attach- 
ment for oxygen and chlorine. Some of Kolbe's formulae appear as 
follows : ' 

HO,(C2Hs)"C2,0 Aldehyde 
HO,(C2H3)X2,Os Acetic acid 

1 Quart J. Chem, Soc., 1860, 2, 167 ; Alemtrie aub Rg>rints, No. 16 ; Anndteti, 
1849. 60, 267. 

' It is a curious &ct that the formulae of both hydrocarbons (in Kolbe's nota- 
tion they stood for CjH^, C^Hj.) are given correctly, though transposed into the 
modern form they would stand for CH,, and C^H,. The correspondence is acci- 
dental, and arises on the one hand from the use of the double molecular formula 
for the acid, and on the other from the fact that the radicals unite iu pairs and 
form substances having molecular weights double of those recognized by the 
aathor of the memoir. 

' See footnote 2 on preyious page. 



THE BESEABGHES OF FRANKLAND AND KOLBE 37 

(C^8r^2»^3 Dichloro-hydrochloric ether (trichloroethane) 

(C4H5)0 . (CaCl3rC2,03 Trichloracetic ether 

(CjHaJTCa j j^^ 

(CjHaJrCjN Methyl cyanide 



^ rVr Acetamide 



In this way methyl was recognized as an integral part not only of 
acetic acid, but of marsh gas (02H3)H, which it yielded on distillation 
with lime, and of cacodyl oxide, written (G2Hs)2As,0, which it formed 
on beating the potassium salt with arsenious oxide. It explained, more- 
OTer, why the last equivalent of hydrogen in chloral HO, (G2Cl3)G290 
was not replaced by chlorine. The same system was applied to other 
acids, benzoic acid and its derivatives being represented by oxalic acid 
conjugated with the radical phenyl G12H5: 

HO,(Gi2H5]rG2|08 Benzoic acid 

H0,(Gi2 { Jq rC2,08 Nitrobenzoic acid 

i- rG2,03 Amidobenzoic acid 

For the same reason that marsh gas became the hydride of methyl, 
benzene appeared as the hydride of phenyl (Ci^^)Bl, and phenol as 
its oxyhydrate HO . (Gi2H5)0.^ In this way Kolbe sought to rehabi- 
litate the compound radical : 

The constitution attached to cacodyl oxide was later extended to 
cacodyl and the organo-metallic compounds generally in which the 
radicals appeared as the conjuncts of the metals. Kolbe was, indeed, 
the first to interpret correctly the constitution of cacodyl to the 
extent of regarding it as arsenide of methyl (G2H3)2''As. 

Frankland dissented from this view. It was generally admitted 
that the saturation capacity of a substance was retained in a conju- 
gated compound. Oxalic acid has the same saturation capacity in 
the free state as when conjugated with the radical methyl G2H3 in 
acetic acid. This was not the case with the metal in the organo- 
metallic compounds. Gacodyl in cacodylic acid, which is the highest 
oxidation product, is only united to three atoms of oxygen instead 
of five as in arsenic acid, to two in antimony ethyl and to only 
one in tin ethyL He preferred to represent these compounds as 
•abstitution products of the metallic oxides: 

> Annaien, 1860, 76, 1. 
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As 



As 



CjHj 



Cacodyl 



Cacodyl oxide 



Gaoodylic acid 



Zn 



Zincmethylium 

Oxide of Zincmethylium 



Sb 



Sb 



Sn 



Sb 



Sb 



Sb 



Sn 



Ml^"} 



Stibeihine 



Binoxide of Stibeihine 



Oxide of Stibeihylium 



Stanethylium 

Oxide of Stanethylium 

Iodide of Hydrargyro- 
methylium 



It was in this memoir' that Frankland drew attention to the 
regularity subsisting between the number of the different kinds 
of atoms which are found in combination with the same element. 
This was the first announcement of the doctrine of valency or 
atomicity, as it was then called, which will be referred to pre- 
sently (p. 60). 

1 PhU, Tnmt., 1852, 142, 417. 
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Xolbe's ▼isws on ConstiLtutioB. This relation of the organo- 
metallic oompounds to the oxides of the metals, which Frankland first 
pointed out, suggested to Kolbe a further modification of his theory 
of conjugated compounds.^ As cacodylio acid HO(02H8)2As03' may 
be derived from arsenic acid SHO^AsOs by replacing two atoms of 
oxygen by two methyl radicals, so carbonic acid may be regarded as 
the mother substance of the organic acids in which part of the 
oxygen is replaced by hydrogen or radicals: 

2HO.C2O4 HO.HCgOs HO . CgHa . C2O3, &c. 

Carbonic acid. Formic aoid. Acetic acid. 

This was a counter-stroke delivered by Kolbe at the artificial in- 
organic types, as he regarded them, of Gterhardt's new theory which 
bad just appeared (see p. 44). Carbonic acid, the raw material of 
vegetable synthesis, was on the contrary a natural type from which, 
as by the vital process, complex derivatives may be obtained. 

In order to explain the difference of basicity between carbonic 
acid and the fatty acids, the group C2O4 in caibonic acid was split 
into two (C202),02, and the basicity was made to depend on the 
number of extra-radical oxygen atoms. The above formulae became 

2H0 . (Cfi^),0^ HO . HCCaOj),© HO . {C^'Rz)(Gfi^,0 

Carbonic acid with its two extra radical oxygen atoms is dibasic, 
whereas formic and acetic acids, with only one, are monobasic. By 
replacing the last extra-radical oxygen by hydrogen or a radical the 
neutral aldehydes and ketones result: 

Formaldehyde Aoetaldehyde. Acetone, 

(then unknown). 

If in these more oxygen is substituted, the alcohols and finally the 
hydrocarbons are obtained : 

HO . CjHs,© HO . ^«^^ } 02,0 ^"^^ } C2 

Methyl aloohoL Ethyl alcohol. JSthyl hydride. 

The curious part played by the molecules of water, which sometimes 
appear upon the scene and again vanish, is due to the insignificant 
r6le assigned to them by Berzelius and his school. 

However fantastic Eolbe's formulae may now appear, the system 
was in so far successful that it enabled him to foretell the existence 
of many unknown compounds, some of which, though not all, 
have since been obtained. Thus, formaldehyde was predicted, and 

1 Amuden, 1867, 101, 257 ; ISSO, 113, 298 ; Ostwald's Klaatiker, No. 92. 
' In these and subsequent memoirs Kolbe discarded the barred atoms. 
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also the secondary and tertiary alcohola ' For/ says Kolbe, 'suppose 
that we introduce into the alcohols in place of one or two atoms of 
hydrogen the same number of methyl, ethyl, &c.f atoms in the same 
manner (as acetone is derived from aldehyde), we shall obtain new 
alcohol compounds of the following constitution/ 



Normal alcohol HO 



{ ""'rI } c«.o 




Monomethyl alcohol HO • C2H3  C2,0 



Dimethyl alcohol 



Methyl ethyl alcohol HO ] C^Hj C,,© 



'The monomethyl alcohol will be isomeric, not identical with 
propyl alcohol, and dimethyl alcohol will be isomeric with butyl 
alcohol/ 

Two years later the first of these predictions was verified by Friedel, 
who isolated secondary propyl alcohol, and the second by Butlerow in 
1864, who prepared tertiary butyl alcohoL They agreed in nearly 
every particular with the properties foretold by Eolbe. 

' These compounds will probably form, with the hydracids, halogen 
compounds like ethyl chloride, also sulphur compounds and mercap- 
tans, and with sulphuric acid, sulphuric ethers ; but those compounds 
which are combined like the dimethyl alcohols will not be oxidized 
to aldehydes and acids, like the normal alcohols, as the two free 
hydrogen atoms^ which in the normal alcohols are attacked, are 
missing. Nor can the monomethyl alcohols which still retain a free 
hydrogen atom be converted into acids, but by the same process of 
oxidation which yields aldehydes in the case of normal alcohols will 
convert the monomethyl alcohols into acetone/ 

We must now pick up the thread of the narrative where we dropped 
it to follow the fortunes of the radical theory. 

The standard of volumes adopted by Gerhardt and Laurent for 
determining molecular weights served its purpose admirably by 
bringing together compounds which were related to one another, 
but gave no information about their structure. The doctrine of 
residues in its original simplicity could not satisfy the aspirations 
of chemists in face of the powerful testimony which the researches of 
Frankland and Kolbe, Hofmann and many other chemists, had 
brought in support of the radical theory. 
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WilUaauioii'fl a— a archag on Sther. It was at this critical 
period in the history of the science that a shori; and unpretentious 
memoir appeared, which gave an unexpected turn to the current of 
chemical thought This was Williamson's research on etherification, 
which was first read at the meeting of the British Association at 
Edinburgh in 1850.^ It is difficult to embrace in a sentence the 
fiur-reaching consequences which followed its publication. In the 
first place it settled the vexed question of the relation of alcohol to 
ether ; secondly, it introduced a new and important synthetic pro- 
cess ; it showed, further, how chemical methods might be employed 
in determining molecular weights ; but above all it reconciled the 
two contending schools of thought by welding together the radical 
theory with Dumas' theory of types. 

The constitution of alcohol and ether had, as we have seen, received 
various interpretations. Berzelius regarded them as oxides of 
different radicals, liebig formulated ether as the oxide of ethyl and 
alcohol as its hydrate, Gerhardt in 1844 wrote their formulae C2H0O 
and C4H10O from the value of their vapour densities, and Laurent in 
1846 explained their relation by comparing them to potassium hydrate 
and potassium oxide, as the hydrate and oxide of ethyl (» Et):' 

KHO EtHO 

KKO EtEtO. 

In 1850 Williamson investigated the action of ethyl iodide upon 
potassium ethylate in the hope of replacing the potassium by ethyl 
and so forming a new ethylated alcohol. 

The experiment gave entirely unexpected results ; for, in place of 
alcohol, he obtained ordinary ether. He recognized the importance 
of the result, explained by means of it the formation of ether, and 
demonstrated the correctness of his conclusions in a series of brilliant 
experiments. Williamson saw at once the application of Laurent's 
and Gterhardt's views, which he was one of the first to adopt, 
formulatiDg the reaction thus: 

^«^0 + O2H5I - IK + n^^'O. 

Kolbe strongly opposed this view and represented the reaction as 

follows : 

C4H5OKO + C^Hgl - 2 (C^Bfi) + KI; 

in which, using the equivalent notation, potassium alcoholate appears 
as a compound of potash and ether. Substituting methyl iodide for 

1 QitarL J. Cfum, Soc, 1S62, 4, 229 ; Atmnbic Cbtb ReprinUf No. 16w 
* Chemical Method, p. 75. 
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ethyl iodide, methyl ether and ethyl ether should be formed, sup* 
posing the latter view to be correct, whilst, according to Williamson's 
theory, methyl ethyl ether should be formed. It was the second re- 
action which occurred. 

The experiments clearly demonstrated that ether is derived from 
alcohol by replacing one atom of hydrogen by ethyl, and conse- 
quently that it possesses a larger molecule. 

It now remained to explain the formation of ether from alcohol 
and sulphuric acid. 

The formation of ether by heating a mixture of alcohol and sul- 
phuric acid is so simple an operation that it seems not a little 
remarkable that more than two centuries elapsed before the obscurity 
which enveloped this reaction was finally removed. As the study of 
this subject and the discussions which rival theories called forth 
engaged chemists from the very inception of organic chemistry, it 
will not be entirely out of place to trace the phases of its development. 
The first method for preparing ether is ascribed to Valerius Cordus 
in 1540, who called it oleum vUridi duke, the name being changed to 
ether by Frobenius in 1730. The compound was formed by heating 
a mixture of alcohol and strong sulphuric acid. Foureroy and 
Vauquelin explained the reaction by supposing that alcohol loses a 
molecule of water. This agreed with the etherin theory and with 
Liebig's later view. The explanation was, however, open to criticism. 
Other dehydrating agents, like potash and baryta, efiected no change 
of this kind, and when it was afterwards pointed out that water 
distilled with the ether, it was difficult to conceive how sulphuric 
acid could act by reason of its affinity for water if it parted with it 
in the process. Dabit discovered that the first action of the sulphurlS 
acid on alcohol at the ordinary temperature was the formation of 
a new acid, which was not precipitated by barium salts. It was 
termed sulphovinic acid by SertUmer, who studied it more carefully. 
Then followed the discovery that the contents of the vessel after 
distilling off the ether could be used for the preparation of &esh 
quantities of the latter by adding alcohol, an observation upon which 
Boullay, the fiEtther of Dumas' colleague, foimded the present con- 
tinuous process. The first clear experimental evidence as to the 
nature of this curious and complex reaction is due to Hennel, an 
English apothecary. He proved that the formation of sulphovinic 
acid is essential to the process. In the first place he found by dis- 
tilling equal quantities of sulphuric acid and alcohol that, as the 
ether distils, the quantity of free sulphuric acid increases, whilst that 
of the sulphovinic acid decreases. If^ on the other hand, the mixture 
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is first diluted with water, nothing but alcohol passes oyer, and 
sulphuric acid remains in the distilling vessel He further showed 
that on heating sulphovinic add, as free as possible from alcohol or 
water, a certain quantity of ether distOs.^ Berzelius»' in his Jahres 
berieht for 1829, attributes to Hennel the view that ether is formed 
by the action of alcohol on sulphovinic acid, and since the latter, as 
Hennel first showed, is a compound of olefiant gas with sulphuric 
add, ether must be a compound of olefiant gas with alcohol, a eon- 
elusion which bears a striking resemblance to the modern view ; but 
there is nothing in Hennel's original paper which we can find in 
support of this statement 

Hennel rather suggests that, on heating sulphovinic acid, olefiant 
gas is separated in a condition which enables it to unite with one 
proportion of water to form ether and, when diluted, with a larger 
proportion of water to form alcohoL He subsequently expanded his 
theory as follows: When sulphuric acid and alcohol are mixed 
sulphovinic acid and water are formed, the latter diluting a portion 
of the free sulphuric acid present. On heating the sulphovinic acid, 
it is the water of this dilute acid which attracts the sulphuric acid 
of the sulphovinic add, and enables it to split up into ether and 
sulphuric acid. It should be remembered that the composition of 
sulphovinic add, as determined by Serullas (1829), and later by 
Liebig and Wohler (1833), was represented as an add sulphate of 

ether, and written 

C4H10O . SO3 + H2O . SO3. 

Liebig, as the result of a series of careful experiments^ showed that 
sulphovinic acid does not change below a temperature of 124°, but 
above that temperature it decomposes into ether, sulphuric acid, and 
sulphurie anhydride. He attempted to reconcile these fad» with 
Hennel's views in the following manner: the alcohol on falling 
into the hot sulphuric add lowers the temperature below 124° at the 
surfiiee of contact, forming sulphovinic acid and water, which dilutes 
tiie suljdiuric add around it. The sulphovinic add then diffuses into 
tiie hotter liquid where it decomposes into ether, which distils, and 
sulphuric anhydride which combines at once with the water of the 
dilute add, regenerating concentrated acid, and is thus capable of 
uniting with fresh alcohol. The simultaneous distillation of water 
was accounted for by supposing that the ether vapour carries with it 
water vapour much in the same way that a high boiling volatile 
liquid may be distilled in steam. Mitscherlich, however, found that 
by passing alcohol vapour into the mixture, so that no lowering of 

1 *Fk£L TrantL, 1826, 2, 240. * JahreO),, 1829, 9, 294. 
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temperature occurred, the formation of ether was not interrupted, 
and both he and BerzeliuB, and afterwards Graham, explained the 
peculiar effect of the sulphuric acid as a catalytic or contact pheno- 
menon, by which they understood such a reaction as occurred in the 
presence of a substance which itself underwent no change, and for 
which no satisfactory explanation was forthcoming.^ 

The composition of ether being now clearly established, William- 
son turned the fact to account in order to explain the production of 
ether from alcohol and sulphuric acid. 

The explanation is the one we still adopt. The process occuxb 
in two stages. Sulphoyinic acid and water are first produced, 
and the sulphovinic acid reacting with a fresh quantity of alcohol 
forms ether and regenerates sulphuric acid. Ether and water distil 
whilst the sulphuric acid is free to react with fresh alcohol, and 
repeat the same cycle of changes. Williamson confirmed these views 
by showing that mixed ethers could be readily obtained by the use 
of two difierent alcohols, and prepared in this way a series of com- 
pounds containing from three to seven carbon atoms. 

In reviewing his results he points out that compounds like 
alcohol, ether, acetic acid, and its hypothetical anhydride may be 
regarded as water in which one or two hydrogen atoms are replaced 
by the radicals ethyl and oihyl (oxygen ethyl): 

C2H6rx CgHg^ (C2H3OU (C2H30)r% 

H^' C2H5"' H"' (CaHaO)^- 

Alcohol. Ether. Aeetioacid. Acetic anhydridei 

This memorable paper, which proved so fruitful in results and 
provided such a powerful stimulus to future research, concludes 
with the following words : 'The method here employed, of stating 
the rational constitution of bodies by comparison with water, 
seems to me to be susceptible of great extension, and I have no 
hesitation in saying that its introduction will be of service in 
simplifying our ideas, by establishing a uniform standard of 
comparison by which bodies may be judged of." 

Gerhardt's discovery of the acid anhydrides, in the same year, by 
heating the acid chlorides with their sodium salts, amply justified 
Williamson's conclusions. 

Ctorluurdt^s Vaiw Thaosy of Type*- In the following year, 1853, 
Gerhardt' published his new theory of types, already foreshadowed 
in a memoir by Chancel and himself on The Cdnstitutian qf Organic 

^ JahnOKj 1885, 15, 248. < Quart J. Cktm. Soc, 1852, 4, 289. 

> jiiiti. CMm. !%•., 1858, 87, 882. 
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CkmipoundSf which appeared in the Bevue Scieniifique for 1861. It 
was a direct outcome of Williamson's memoir on ether, though 
unacknowledged at the time of its publication.^ 

To understand this development we must recall a few facta In 
1849 Wurtz had obtained, by the action of potash on cyanic and 
cyannric ethers, bases closely allied in smell and basic characters to 
ammonia, which he compared to ammonia wherein an atom of 
hydrogen was replaced by the radicals methyl, ethyl, and amyL' 
Although the existence of such compounds had been foretold ten 
years earlier by Liebig, it was the first successful attempt to 
introduce radicals into ammonia. This interesting fact is recalled 
by Liebig himself in a note to Wurtz*s paper in the AnnaHen.* 

* If one considers the combination NH, or amide as a compound 
radical, which possesses the properties of radicals as opposed to those 
of acid radicals, it is clear that ammonia is the hydrogen compound 
of a basic radical, which is similar in composition to hydrocyanic 
acid, but is the reverse in properties. Hydrogen cyanide is an acid, 
hydrogen amide has alkaline properties, a difference due to the 
characters of the radicals which they contain. • . . Now we know 
that amide is capable of replacing equivalent for equivalent the 
oxygen of many organic acids, and we find that the new com- 
pounds thus produced have altogether lost the nature of acids, 
being indifferent in their chemical character. . • • If in the 
oxides of methyl and ethyl, the oxides of two basic radicals, we 
were able to substitute one equivalent of amide for oxygen, 
there cannot be the slightest doubt that we should obtain compounds 
perfectly similar in their behaviour to ammonia. Expressed in 
a formula a comx>ound C4H0 + NHj « E + Ad must have basic 
propertiea' 

The character which Wurtz attached to these compounds was 
soon afterwards confirmed by Hofmann, who obtained what are 
known as the primary, secondary, and tertiary bases by the action of 
the iodides of the alcohol radicals on aniline and ammonia.^ 

The organic phosphorus compounds which Paul Th^nard had 
discovered in 1845 now received an analogous interpretation. In 
addition to these new classes of compounds, the acid chlorides had 
been prepared by Gahours* in 1845, and the anilides and other 
amides by Gerhardt and Chiozza* in 1853. 

* OmpL rend., 1848, 26, 868; 27,241; 1849, 28, 228, 828; 20, 169, 186,208; 
AmuOm^ 1849, 71, 826. 

s Aimaien, 1849, 71, 847. * Atmalmi, 1860, 78, 91 ; 1861, 79, 16. 

* Qm^L rwnd., 1845, 21, 146 ; 1847, 26, 892. • Compi. rtnd., 1863, 87, 86. 
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All these groups of compounds were now referred by Grerhardt to 
four types. In expounding his theory he sajrs: ^I do not attach to 
these so-called raUonal formuLie, which give the molecular constitu- 
tion of chemical compounds, any exaggerated value, because they are 
in fact only the expression of a partial truth, which in a more or less 
complete fashion includes a certain number of chemical changes. 
Such formulae, howeyer, appear to me to have their use, for they 
may exert a happy influence on the development of the science, if 
they are viewed from the same standpoint and accord well together.' 

The four types which he proposes are water, H^O, hydrogen, H^t 
hydrochloric acid, HCl, and ammonia, NHa* Each vertical series is 
derived from the type by replacing tiie hydrogen by radicals : 



H 
H 



} 



H 
CI 



} 



i}« 



Type. 



Type. 



Type. 



C2H5 
H 



} 



C2H5 
ci 



} 



CjHg 
H 



}° 



Ethyl hydride. Ethyl chloride. Etliyl aleohoL 



C2H5 
C2H5 



} 



CjHjO 
CI 



} 



C2H5 

C2H5 



}° 



DiothyL Acetyl ohloride. 



Ethyl .ther. 




C2H3O 
H 



} 



C^HjO 
CI 



} 



CjHaO 
H 



}•> 



Aldehyde. Benzoyl chloride. Acetic acid. 



C,H,0 ) 
CH,/ 



CN) 

CI I 



C2H3O ) fi 



Acetone. Cyanogen chloride. Acetic anhydride. 



C2Ha] 
C0H5 N 
C2H5) 
Triethylamine. 

C2H3O) 

H N 
H 

Acetamide. 



They were in a sense mechanical rather than chemical types, for 
the members of one type were connected together more in outward 
form than in properties ; but the typical formulae served admirably 
to express double decompositions, to indicate the relation which the 
function of an element bears to its position in the type^ and finally^ to 
explain cases of isomerism. 

Inorganic compounds were also constructed on the system of 

types, nitric acid being represented by Williamson as df [ 0> ^ 
which Gerhardt added Deville's nitiic anhydride ^^^ I 0. 
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In developing his views on the constihition 
of the ethers, Williamson had already introduced the idea of the 
condensed water type. He pointed out that it may he usefully 
employed in formulating the action of potash on the organic ethera' 

In this equation the two atoms of hydrogen in the douhle molecule 
of potash are replaced hy the group GO. Williamson recognized in 
this the existence of what we now term a multivalent radical, which 
was then called hy analogy with the polyhasic acids, a polyhasie 
radicoL The group GO was therefore dihasic, or, according to 
Gerhardt, diatomic The group SO^ was regarded in the same light, 
the formula for sulphuric add being derived from a condensed water 
type of two molecules and written 



SO 
H 



JO, 



Odling extended the idea to other inorganic and organic acids, 
and to the metals themselves : 

Type. Aoetio aoid. Kiiric aeid. 

5}o, %i}o, sg;}o. 

l*ype. Oxalic add. Salphurio aoid. 

H,;*'» H,f"» Hjf*^' 

T^pe. Citric acid. Phosphoric add. 



on OI700L In 1854 Williamson and Kay 
ohtained orthoformic ether hy the action of sodium ethylate on 
chloroform : ' 

This was the first example of a tribasic hydrocarbon radicaL 
About the same time Berthelot was engaged in the investigation of 
glycerine, and found that it unites in three distinct proportions with 
acids, forming aoetins, stearins, and chlorhydrins, &c. He concluded 

> Tk§ Ckemieai OaeeUe^ 1851, 0, 884; Aiembie Oub Reprints, No. 16, 4S. 
' QhotL J. Chem, Soe,, 7, 1. 
' Pne, Ba^. Soc, 1854, 7, 186. 
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that glycerine bore the same relation to phosphoric acid that alcohol 
does to nitric acid : 

Ha/"' H,/"' 

Wurtz quickly perceived that a compound intermediate between 
alcohol and glycerine should exist, derived from a double water type, 
and containing a dibasic radical Before long he had supplied the 
necessary link by the discovery of glycol : ^ 

He prepared the compound from ethylene iodide and silver acetate, 
which, on heating together, yield ethylene acetate and silver iodide. 
Using the typical formulae, the equation appears thus : 

Ethylene acetate on hydrolysis with potash forms glycol : 



The use of condensed types was shortly followed 
by the introduction of Kekul^'s mixed types^* which he set forth in 
a paper On the so^dled Conjugated Con^pounds and the Theory of Poty" 
atomic Badicdls, Kekul^'s object was to explain the constitution of 
Qerhardt's new conjugated radicals, that is, the old conjugated com- 
pounds which, in tludir new typical garb, played the part of substituted 
radicals. Benzenesulphonic acid, sulphobenzoic add, and sulphovinic 
acid were written 

CeH5(S02) ) Q C^H^CSO^K) ) ^^ C^H^CSO JO ) q 

Benzenesalphonio acid. Sulphobenzoic acid. SnlphoTinic acid. 

Benzenesulphonic acid may be represented, according to Kekul^' 
as derived from the two types of hydrogen and water. 



^i)« H} 



e 



» An$i. Ckim. I%ys.y 1859 (8), 66, 400. 

• Annaim, 1867, 104, 129. 

* Following a suggestion of WiUiamaon, the Bymbols for oxygen, carbon, 
mlphur were barred in Keknl^'s formulae to indicate that the combining weighta 
were double those of the equivalent notation. 
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Qnmie acid nuy, in the same way, be raferred to a mixed water and 
ammonia type : 

H] H) 

H^ H 



{ 



H 



o 



Stikatfs Th^etrj of Atomiettye Eekuld at once saw, as William- 
flon had proviously done (p. 47^ that such a fusion of types to a 
eondensed or mixed type can only occur where a polybasic or 
polyatomic radical is present in the place of two or three atoms of 
hydrogen. Using the dashes of Odiing to indicate atomicity and 
the double atoms, which Williamson had revived to distinguish 
Gerfaardt's atomic weights (C— 12, O » 16) fron^OmeHn's equivalents 
(C«-6^ 0«-8X Kekuld defines the radicals as follows : 

'A momttomie radical can, therefore^ never hold together two 
molecules of the types.' 

'A diatomic radical can unite two molecules of the types,' e. g. 



H 

e ^^) 

Thionyl ehlorid*. Salpborie acid. Urea. 



or, can replace two hydrogen atoms of the type, e. g. 



oe,,^ H 



Sulphnrie anhydride. C7ai^<^ iMsid. 

'A tri4Etomie radical can unite in the same way three molecules of 
the types,' e. g. 

^H,}^. ^i:}^. ^^'^' 

Fhotphorie acid. Qlycerine. Tricblorhydrin. 

or it can also replace three atoms of hydrogen in two molecules of 
water, e. g. 

Metaphosphorie acid. 

Perhaps the most important part of this remarkable and suggestive 
memoir is the reference to the basicity, L e. valency of the individual 
elements. 

PT. I » 
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Chnywih of tlie Theorj of ▼aleney. As the whole foundation of 
modem Binictural ehemisby may be said to rest upon the theory 
of yalency, it is necessary to trace carefully the line of thought whieh 
culminated in its developmenL 

It is just possible that had no previous literature existed on the 
subject, this property of the elements would have disclosed itself to 
Kekul6's penetrating intellect It is none the less true that the 
merit of having been the first to offer a clear exposition of the subject 
belongs to Frankland. 

In studying the organo-metallic compounds, to which reference 
has been made (p. 37), Frankland was struck with the fact that there 
appears to be a definite saturation capacity for the metals^ and that the 
number of radicals present affects the number of inorganic elements 
which attach themselves to the metal in a symmetrical fashion. It 
was this fact which led him to oppose Kolbe's view that the radicals 
are conjugated with the metaL At the close of this paper * Frank* 
land expressed himself as follows : ' When the* formulae of inorganic 
chemical compounds are considered, even a superficial observer is 
struck with the general symmetry of their construction ; the com- 
pounds of nitrogen, phosphorus, antimony, and arsenic especially 
exhibit the tendency of these elements to form compounds con- 
taining three or ^yb equivalents of other elements, and it is in these 
proportions that their afl&nities axe best satisfied ; thus in the temal 
group we have NO3, NH3, NI,, NS3, PO3, PH3, Pa3, SbO„ SbH,, 
SbCls, ASO3, ASH3, AsCls, &c. ; and in the five-atom group NO5, 
NH4O, NH4I, PO5, PH4l^ &c Without offering any hypothesis 
regarding the cause of this symmetrical grouping of atoms, it 
is sufficiently evident^ from the examples just given, that such 
a tendency or law prevails, and that no matter what the character qf 
the uniting atoms may he, the combining power of the attracting dement^ 
if I mag be allowed the term^ is aUoags satisfied bg the same muniber 
cf these atoms.* 

Two years later, in his first publication of theoretical importance, 
Note on a New Series cf Organic Acids containing Sulphury^ Kekul6 
refers to the basicity of the elements. Various organic compounds 
of the water type such as alcohol, ether, acetic acid, and aoetio 
anhydride were heated with the sulphides of phosphorus and the 
tsrpical oxygen replaced by sulphur. He shows that the new typical 
formulae of Gerhardt are well adapted for expressing these changes. 
If, according to the equivalent notation, phosphorus chloride breaks 

> PftO. Tram., 1862, 417. • Amutign, 1854, 00, S09. 
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np akohol into C4H5CI + Hd, why should not phoephoros sulphide 
pcoduee two eomponnds G4H5S+HS instead of their remaining 
muted ae mereaptan? With Gerhaidt's notation the ehange is 

maniffBtj ^^^ \ O beeomee ^^ > S, but with phosphorus chloride 

C«H CI 
the aleohol divides up thuS| *^^^ • He writes: 'It is not merely 

a diflfewai ce of notatioii, but it is an aetual fi^t that one atom of 
water eontains two atoms of hydrogen and only one atom of oxygen ; 
and that for one indivisible atom of oxygen the equivalent of chlorine 
is divisible by two ; whereas sulphur, like oxygen, is dibasic, one atom 
being eq[uivalent to two of chlorine.' 

In the memoir already referred to (p. 48), On ike wo-eaQ/ed Conju- 
gated Oompannds and the Theory of Fofyatomie Badiads,'^ Kekul6's 
views on atomicity take a dearer and more definite shape. He says: 
*Tlie molecules of chemical compounds are formed by the union of 
atomSb The number of atoms of other elements which are attached 
to one atom of an element^ or (if in the case of compound bodies one 
ptefors not to extend the idea to elements) of a radical, is dependent 
on the basicity or affinity of the consUtuenta' 

* The elements fidl into three main groups : 

'(1) Monobasic or monatomic, e.g. H, CI, Br, K; (2) dibasic or 
diatomic^ e. g. O, S ; (3) tribasic or triatomic, e. g. N, P, A& Prom 
these are derived the chief types, HH, OH2, NH3, and the secondary 
types, Hd, SH,, PH,.' In a footnote on p. 183 he adds that carbon 
is tetrabasie or tetratomic. 

After this defence of Gerhardt's formulae and dear exposition 
d atomic structure^ it is curious to find Kekuld reverting to the 
•qniivalent notation in his very next memoir on the constitution 
of fulminating mercuxy; but such is the despotic power of long 
established custom* 

In discussing the constitution of fulminating mercury, Kekul6' 
pointed out its analogy with a series of compounds which might be 
cuisidered as belonging to the same type as marsh gas, using the 
word in Dumas' sense of one compound being related to another by 
substitution. He succeeded, in Uci, in liberating the cyanogen as 
cymogen chloride by chlorination, and converting fulminating mer- 
cury into chloropicrin. 

Methyl chloride^ chloroform, chloropicrin, and acetonitrile were 

1857, 104, 188. > jbmaiiH^ 1867, 101, 20a 
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grouped wiih marsh gas, and written in the equivalent notation 
thus: 



c. 


H 


H 


H 


H Marsh gas 


c. 


H 


H 


H 


01 Methyl chloride 


c. 


H 


a 


01 


Cl Chloroform 


c. 


(NO4) 


Cl 


ca 


Cl Chloropicrin 


c. 


H 


H 


H 


(C^N) Aoetonitrile 


c. 


(NO4) 


Hg 


Hg 


(CgN) Fulminating mercury 



Thus Eekul6 introduced a new type, that of marsh gas, and with its 
introduction the fixity of Gerhardt's types was dissolved ; for it now 
became evident that the grouping of the elements depended, not on 
the nature of the type, but upon that of the elements themselves. 
As typical formulae were not intended to represent the position of 
the atoms^ it became a matter of choice to which type a compound 
belonged. Thus, methyl ether may be equally well derived from 
the water or the marsh gas type : 



H 
H 



}» 



CHj 
CH 



a 



}° 



or 



H 
H 
H 

H 
H 
H 








HI 


CH3 
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N H 


■N 
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H 
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H 



^C 







H 
H 



/ NHJ 



Methylamine in the same way may be referred to ammonia^ marsh 
gasy or hydrogen : 

H 
H 
H 

Qnadrivalence of Ctelxm. Early in 1858 Eekuld's celebrated 
paper appeared in Liebig's Anndlm on The ConstihUian and Meta- 
fnorphoses of Chemical Compounds^ and on ihe Chemical Naiure cf 
Carbony in which are embodied his views on the valency of carbon 
and the linking of carbon atoms.^ Shortly afterwards an equally 
remarkable memoir on the same subject by A. S. Couper' was 
published independently in the Annalcs under the title of A new 
Chemkal Theory. 

Sttknl^s Theory. Eekul6 has told, in a very graphic way, how 
these new ideas arose. It was during his stay in London. 

' One fine summer evening I was returning by the last omnibus 

1 Anwden, 1858, 106, 129 ; Ostwald^B Klaamkmf No. 146. 
' Ami. aum. Phys., 1858 (3), 58, 469. 



KEKULfi'S THEOBY 53 

** outside'' aa usual, through the deserted streets of fiie metropolis, 
which are at other times so fiiU of life. I fell into a reverie, and lo! 
the atoms were gambolling before my eyes I Whenever, hitherto, 
these diminutive beings had appeared to me they had always been in 
motion ; but up to that time I had never been able to discern the 
nature of their motion. Now, however, I saw how, frequently, two 
smaller atoms united to form a pair ; how a larger one embraced two 
smaller ones ; how stiir larger ones kept hold of three or even four 
of the smaller ; whilst the whole kept whirling in a giddy dance, 
I saw how the larger ones formed a chain, dragging the smaller ones 
after them, but only at the ends of the chain. . • • This was the 
origin of the Siructurlheorie.*^ 

'If we consider,' writes Kekuld in his memoir, 'the simplest 
compounds of carbon, CH4, CH3CI, CCI4, CHCI3, COClg, COj, CS^ 
CHN, it is very striking that the amount of carbon which chemiste 
recognize as the atom, that is, the smallest part, always unites with 
four atoms of a monatomic or two of a diatomic element, that gene- 
rally the sum of the chemical units which are bound to an atom of 
carbon is equal to four* This leads to the view that carbon is tetr- 

atomic' 

• •.■•••• 

'For substances which contain several atoms of carbon, one must 
suppose that a portion of the atoms at least is held by the attraction 
of the carbon, and that the carbon atoms themselves are united to 
one another, whereby naturally a part of the attraction of the one is 
neutralised by an equal attraction on the paii of the other.' 

'The simplest and consequently most probable case of such a 
union of two carbon atoms is that one unit of afi^ity of one carbon 
atom is bound to one of the other. Of these 2x4 units of a£Snity 
of the two carbon atoms, two will be used to unite the two carbon 
atoms, and six will remain over to attach the other elementa In 
other words the group G^ is hexatomic. • . •' 

. 'If more than two carbon atoms unite in the same way, the 
basidty of the carbon group wiU be increased by two units for each 
additional carbon atom. Thus the number of hydrogen atoms which 
may be combined with n carbon atoms is expressed by 

ii(4-2) + 2-2n-»-2. 
'. . . Up to this point we have assumed that all the atoms attaching 
themselves to carbon are held by the affinity of the carbon. It is 
equally conceivable^ however, that in the case of polyatomic elements 
(O, N, &c) only a part of the affinity — ^for example, only one of the 

* Tk$ Xtkidd MmmrUa Ltelun,bj F. K jM;pPf IVant. Olm^ 80c., 1898. 78,97. 
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two uniia of affinity of the oxygen, or only one of the three uniiB of 
the nitrogen — is attached to carbon ; so that one of the two onits of 
affinity of the oxygen and two of the three units of affinity of the 
nitrogen remain over and may be united with other elements. 
These other elements are therefore only ill indirect union with the 
carbon, a fact which is indicated by tile typical mode of writing the 
formulae.' 

Eekuld does not rec<^ize only this one kind of attachment of the 
carbons. He points out that another kind of combination may occur 
involving a closer union of the carbon atoms, an idea which wasr 
expanded seven years later (1865) in his theory of thtf benzene ring. 

Couper's Theorj. Couper^ arrived at similar conclusions from 
a different starting-point. His paper, which is characterized by 
remarkable perspicuity and breadth of view, has perhaps scarcely 
received the full recognition which it merita Couper begins by 
rejecting the type theory of Gerhardt as artificial and unphiloeophical, 
and lays stress on the fact that the properties of compounds must in 
the end depend on the nature of their atoms. Oerhardt's system is 
like referring a language to certain types of words, from which all 
others are formed, instead of to the individual letters. The atoms, 
he considers, are held together by virtue of two properties, eUctwt 
affinity or chemical affinity and degree ofaffimtyj which corresponds 
exactly to our word valency. 

In regard to carbon (1) it unites with an even number of hydrogen 
atoms, and (2) it unites with itself. The maximum number of atoms 
with which it can combine is four. The following are some of the 
formulae proposed by Couper which, apart from the presence of the 
double atom of oxygen, bear a complete resemblance to those in 
modem use (C « 12 ; O « 8) : 



CH, CH, CH, H,C 

Ethyl ■IwkhoL Aoetieaeid. ' Bthylethar. 

^j fO— OH 



fO- 

I to. 



9 { O-OH 

' ro— OH 



a 

I 
c 



H 
J O-OH 

to, 

Tuiaric aeid. 



> iVoAcrv, 1909, p. 829. 
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The two papen by Kekuld and Couper ue the foundatione upon 
wliieh the modem fitmctoral formulae of organic compounds reet. 
It must not be supposed that the typical formulae were at once dis- 
carded in favour of the modem notation. On the contrary, the 
^rpical notation was in general use for many years after the above 
memoirs had appeared, and was even retained in Kekul^'s textbook 
of organic chemistry which was published as late as 1866. It is 
evidenty from the facts recorded in the next chapter having reference 
to the basicity of lactic acid, that the true significance of Kdcul^'s 
and Couper's views had not then (1863) taken root. 

« 

Kodem Stmetnral Focmulae; It is in hct difficult to assign 
any particular date to the introduction of the modem structural nota- 
tion. Its adoption was the result of a gradual and almost imper- 
ceptible development. Frankland made a distinct advance by deriving 
his compounds from the marsh gas or its condensed type, and break- 
ing up the rest of the molecule attached to the typical carbon atoms 
into tervalent groups thus : 




c. 



H, (0 

OH ^1 



O 
OH 

Aeetic acid. Oxalic acid. 

Although there is evidence that the principle of carbon linkages, like 
that suggested by Couper, was fully recognized before its actual 
adc^ion,' it was not until 1866 that the first appearance of the 
modem system of notation occurs in two papers by Erlenmeyer,* 
followed in 1867 by a clear exposition of the subject by Frankland.' 
The necessity for the replacement of rational by structural formulae 
became more and more emphasized with the growth of the subject 
and especially with the extension of the views "on isomerism which 
demanded a more delicate and perfect language for its expression. 
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CHAPTER n 

THE VALENCY OF CARBON 

The early history of yalency has been described in the introduc- 
tory chapter (p. 60). Whilst its later development, especially in 
connection with organic chemistry, has been attended by results of 
the highest theoretical and practical value, the subject as a wh<de 
has made little advance. This is due to the apparently variable 
character of the property in every element including carbon, and is 
plainly indicated by the number of more or less unsatisfactory 
attempts to find a comprehensive generalisation. 

The term valency is applied to the saturation capacity of one element 
for other elements, and must not be confused with the strength of the 
attachment or chemical affinity ; it is in fact noteworthy that the 
lowest valency is found among those elements in the two end 
groups of the periodic system which exhibit the greatest affinity, or, 
as Hinrichsen ^ puts it, ' the eneigy content of an atom is the greater 
the smaller its active valency/ 

The various speculations on the relation existing between valency 
and affinity and the origin of the phenomena will be discussed 
presently. 

As hydrogen is one of the elements of lowest combining capacity 
which rarely unites with more than one atom of a second element, it 
mig^t serve as a useful standard for determining the valency of the 
other elements ; but the small number of hydrides which it formsy 
especially with the metallic elements, rather restricts its application. 
The halogens which might be employed in place of hydrogen cannot 
always be relied on, as they do not possess a constant valency and 
form compounds such as H^F^'KIj and a whole series of oxides. 
Another method which might be employed is to divide the atomic 
weight by the equivalent of the element as determined by electroly sib 

^ ArnimUn, 1904, 866, 168. 
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by ilie composition of the oxide. Aecoiding to Faradajr's law the 
qnantifty of eleetrieity passed through an electrolyte liberates 
eqjoirdait wei^ts of the different elements^ or, in other words» 
eqniralent weights of different elements convey the same quantity of 
eleetriciiy. Bot in this case it is found that a metal in different 
states of combination, such as iron in ferrous and ferric silts, exhibits 
different valencies^ the first liberating 28 and the second 18*6 parts 
of iron ccmpared with one of hydrogen. The use of the oxide presents 
diffieuliies of another kind, for the equivalent in the case of Pb304 
would give a valency value lor lead determined by the finction 
207/77* 

Betuming to the first method, how are we to interpret the valency 
id nitrogen in the two compounds, ammonia NH3 and asoimide N3H ? 
Heie a very simple explanation suffices. In both compounds the 
nitrogen is tervalent^ bot in the second the nitrogen at<nns are linked 
together in the form of a univalent group : 

This fonnulates the mutual attachment of similar multivalent atoms 
and introduces an entirely new conception into the idea of valency* 
It was a fundamental part of Kekul^'s and Couper's theory of the 
stmetoiB of carbon compounds, and has become so interwoven with 
the idea of valency that its intrinsic novelty is apt to be ov^looked. 
All-dmpottant as the conception has turned out in its application to 
the cMnpoonds of carbon, which stands almost alone as an element 
of definite valency, it has afforded the widest interpretation in 
dstflnnining the structure of the compounds of most of the other 
elements. 

Thua^ in the esse of alumina, A1^0„ we may formulate a structure 
in which two atoms of metal or of oxygen, or the three atoms of 
oxygen, or, again, an alternate atom of aluminium and oxygen are 
directly attached, so that any arrangement maybe devised to suitthe 
desired valency of the atoms under consideration. In short, whilst 
the linking of atoms has aff<Hrded a firm foundation for building up 
the stroetore of compounds with elements of definite valency, its 
emidasrment in other cases has generally served to increase the 
nnmlMr <rf possible formulae. 



r, » ▼axiaUs QttatUfy. Influenced by the success which 
attended the application to carbon of the principle of linkages, Kekuld 
was led to infer that valency was a definite and unalterable quantity 



68 THE YALENCT OF CABBON 

boand np with eaeh atomu The variable valency ef eeitain elMnenta^ 
especially of the nitrogen 'and halogen groops of the periodic system, 
snbeequently led to the complete abandonment of this view. It 
was impossible, for example, to reconcile the stnicture of NH4GI as 
consisting of NH3 in molecular attachment to Hd with Meyer and 
Leceo's observation that diethylmethylamine+ methyl iodide gave 
the same product as dimetbylethy]smine+ ethyl iodide and also 
with the existence of the namerons <^tically active ^mmmiinm 
compounds (Part II, p. 304). 

If, with Kolbe, we regard eaeh element as possessing a maximum 
valency, a view which has been widely adopted, the qaesti<m arises 
as to how this maximum value may be ascertained, lor it is a curious 
bet that in the periodic table the oxygen value rises from groop I to 
group YII, whilst the hydrogen value rises to group IV and thenCdls 
again. If we adopt the valency of the highest oxide we are coih 
fronted with the uncertain value for oxygen, which sometimes appears 
to function as a quadrivalent atom. On the other hand, the atomic 
weight being known, the periodic classification or the aiamie tnnmber 
(see p. 97, footnote) affords at times a valuable guide. 

Ab^g and Bodlftnder^ regard each atom as possessing the same 
total number of valencies, namely ei^t» which are distributed 
between positive and negative, the positive diminishing from 7 to 1 
in the first seven groups of the periodic system and the negative 
increasing in the same order. Of these two kinds the positive or 
negative predominates in each atom and is termed the iMnnal valency, 
whilst the subordinate kind is called a eotUramlemejf. In the middle 
or fourth group, which includes carbon, neither predominates, and 
this is supposed to explain the stability of carbon in its union with 
both electropositive and electronegative elements, as in methane and 
carbon tetr&fluoride. The distribution of normal and eontra-valendes 
in the seven groups is as follows : 

normal +1 + 2 + 8 -8-2-1 

±4 
contra -7-6-5 +6 + 6 + 7 

The weak point of the scheme is the existence of the seven contra- 
valencies among the alkali metals, for which at present there ^ipeare 
to be no evidence. 

According to CiByitm,* this decrease in the valency of an element 
for hydrogen in the more electronegative groups cannot be due to 



1 ZmL anorg. Gkem.. 1899, SO, 453 ; 1904, 80, SSOl 
< IVam. Okmm. Soc, 1916» 109, 1046. 



TERVALENT CARBON 



5d 



decrease of affinity, and must therefore have relation te some other 
factor which increases by a constant quantity from group to group. 
If this is so, the difference should be capable of being detected by 
reference to the actual hydroxyl deriyatives of these elements or their 
dehydrated forms. 

Hius, taking the series containing four hydrogen atoms having the 
maximum valency of their fully hydrated forms, the elements in 
groups y to VIII will be represented as follows : 



Group. 


V. 


VI. 


VTT. 


VITI. 


Hydrated form 


EH4OH 


EH,(OH), 


EH4(OH)3 


EH,(0H)4 




-H,0 


-2H,0 


-8HjO 


-4H,0 


Dehydrated form 


EH, 


KH, 


EH 


No hydride 


•*«. 


NH, 


OU, 


CIH 





Clayton distinguishes between the primary valency which reaches 
a maximum of 4 and a secondary valency which is determined by the 
number of hydroxyl groups. If one each of the primary and secondary 
valencies unite or neutralize one another, the effective valency will 
be lowered by two. For example, if the secondary valency in group V , 
which binds the hydroxyl, unites with one of the primary valencies 
which attaches the hydrogen, the total valency will be lowered by two 
and NH3 will result. In group VI, HgO, and in group VII, GIH 
will be fonned, whilst the elements in group VIII do not combine 
with hydrogen. 

Clayton indicates the primary and secondary valencies by a con- 
tinuous and a dotted line respectively, which, when unattached, are 
represented as forming a loop. 

Ammonium hydroxide and ammonia and methyl ether and its 
additive compound with hydrogen chloride are represented by the 
following formulae : 



H— 



H OH 

1/ 
N— H 

I 
H 



H 

H— Nr^ 



a n 





\/ 


H.C— 0— CH, 


CHs— O-CH3 





C) 





H 



Tttralant Carbon. Although the valency of carbon has offered 
fewer anomalies than that of any other element in the interpretation 
of the structure of its numerous compounds, there exists one example, 
namely, triphenylmethyl C(C6n5)8 in which there is reason to believe 
that carbon, at least in solution, is tervalent There is intrinsically 
nothing novel or surprising in the existence of a combined atom with 
one unused valency, for nitrogen in nitric oxide, NO, must possess 
a firee valency whether oxygen is hi- or quadrivalent. It may be 
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pointed out that in both compounds the onsatimted element is 
attached to an eleetionegatiTe gronp or atom. Trif^nyhnethyl 
eontains the strongly eleetronegatiTe gronp (C«H^ united to earboUy 
whereas in nitrie oxide the nitrogen is linked to electianegalzTe 
oxygen. Such compounds as CH3, NH^, or NH4 in which the carbon 
and nitzogen are combined with eledropositiye elements are unknown. 
These and similar fiicts have led Michael ' to draw the conclusion thai 
unim with negatiTe atoms can ]^x>duce self-saturation, but not if 
the combination includes positiTe ones. The tendency for carbon 
and nitrogen to polymerise (that is, for similar atoms to unite) is 
promoted by union with 1, 2, or 3 atoms of hydrogen. Thus CH, 
CH^y and CH^ ^pp^'U', not as free entitiee^ but as acetylene^ ethylene^ 
and ethane, and NH^ as hydrazine. 

Werner,* who Tie?ro yalency as a quantity which may be differently 
distributed according to the nature of the atoms or groups involTed (see 
p. 85X considers that the phenyl groups in triphenylmethyl saturate 
more of the carbon affinity than, say, hydrogen atoms, leaying leas 
affinity for further union. The compound is^ in short, more saturated 
than methyL 

TripheajlBietlvjL' In 1900 Gomberg/ in attempting to prepare 
hexaphenylethane {CJS,^C . (XC^H J, by the action of finely divided 
sihrer on triphenylmethyl chloride (bromide or iodide) in benaene 
solution, obtained a colourless^ crystalline compound haying the com- 
position of the required hydrocarbon, but possessing very unusual 
propertiea Though colourless in the solid form, it dissolves in most 
organic solTents with a distinct orange yellow colour. It is apparently 
UDsaturated, for it combines greedily with free oxygen to form a per^ 
oxide (C«H^)3G0 . C0(G«n5)3, with the halogens to form triphenyi- 
methyl halide, with by drogen, in presence of finely divided platinum, to 
form triphenyl methane^ with nitric oxide and nitrogen dioxide to form 
the nitroso compound with the firsts and a mixture of nitro compound 
and nitrous ester with the second.' 

(CgHJaC . NO, ^C;^^JD . no,, (G^^JO . ONO 

NitroM Kitro TtipkenjhneU&jl 

triphaDylmethyl. niftrifesu 



1 J.prmkL Otemuy 1899, 00, S95w 

s Nemn Amtekmmumgm ^u/dem OMm dar mmargtmitckm Cktmia, p. 79. 

s For M, more detailed aocoont of the sobjeet the foUowiiig akoold be 
raited : Gombmg. J. Awm. Ckmm. Sbcl, 1914, 36, 1144, and 1km 
J. g^hiiHiin, Oumit m SmmUmnkOmmgy yoL vi, Eiik% Stattaut, 1914. 

• B0-., 1900, 33, siea 

• SehloBk and Hair, Ar., 1911, 44, Ufi9. 
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It also forms an additive compound with qainono,* 



/ 



MoreoTor, it unites with a variety of organic solvents, paraffins, 
olefines, and aromatic hydrocarbons, ethers, aldehydes, ketones, esters, 
and nitriles, and with carbon disulphide and chloroform, in all of 
which two molecules of triphenylmethyl are combined with one 
molecule of the organic solvent in the form of well-defined crystalline 
substances, which are, however, easily dissociated on heating. It also 
enters into reactions with phenol,' primary and secondary amines, 
phenylhydrazine ' and diazomethane/ Dissolved in ether out of con- 
tact with oxygen it combines with metallic sodium.' The sodium 
compound NaG(0eH5)3 reacts normally with alkyl halides, forming 
alkyltriphenylmethanes, and undergoes condensation with ketones 
and esters very much after the manner of the Grignard reagent' 
(p. 208). 

Since Oombergfirst obtained triphenylmethyl, a large number of simi- 
lar compounds containing a variety of aryl radicals have been prepared, 
and they all possess the same striking characteristics. They combine 
readily with free oxygen, &c., and though with few exceptions colour- 
less in the solid state, yield a variety of coloured solutions when dis- 
solved.^ The difficulty encountered in determining the true structure 
of these substances arises from the fact that whereas some of these 
compounds, such as tribiphenylmethyl (GsHgCsHJ^C prepared by 
Schlenk and his co-workers,' are unimolecular in solution (deter- 
mined by the cryoscopic method), others, for example, triphenyl- 
methyl, are mainly bimolecular.' It would, therefore, appear that 
in addition to the solid, colourless compound there are two coloured 
substances, a hi- and unimolecular compound existing in the dissolved 
state. But Schmidlin has shown that in a solution of triphenyl- 
methyl, the colourless and yeUow modification exist side by side,^*^ 
forming an equilibrium mixture which varies with the solvent and 
the temperature. For the freshly dissolved substance, which is at first 

« Sehmidlin, Btr., 1910, 43, 1298. ' Schmidlin, Bter., 1912, 46, 8180. 

• Schlenk and Bornhardfc, Ber., 1911, 44, 1176. 

« Sehlenk and Bornhardt, Annaleti, 1912, 304, 188. 
' Schlenk and Marcus, Ber., 1914, 47, 1664. 

• Schlenk and Oohs, Btr,, 1916, 49, 608. 
V Sehmidlin, Ber„ 1912, 46, 8171, 8183. 

' Schlenk, Weickel, and Herzenatein, Awnaltn^ 1910, 872, 1 ; Sohenk and 
Bennig, AmuOm^ 1912, 804, 180. 

• Gomberg, Asr., 1904, 87, 2049. ^^ Ber,, 1908, 41, 2471. 
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colourless, becomes quickly yellow. On shaking the solution in eon- 
tact with air it loses its eolour owing to the formation of the insoluble 
peroxide, when the yellow colour rapidly reappears as a fresh quantity 
of the colourless compound passes into the coloured modification. It 
therefore follows that the colourless and coloured compounds undergo 
isomeric change, but that the coloured modification is the more re* 
actiTe of the two. Schmidlin has further shown that the coloured 
substance is in all cases unimoleeular, and, though the quantity in 
triph«Dylmethyl is small, there is sufficient present (5 per cenL in 
benzene, 17 per cent in naphthalene) to impart a yellow colour to 
the liquid. 

What then is the relation between the colourless bimolecular com* 
pound and the coloured unimolecular compound ? 

The question has been answered by comparing the properties of 
iriphenylmethyl and triphenylmethyl chloride. Both substances are 
colourless in the crystalline state, and triphenylmethyl chloride also 
yields colourless solutions ; but both diBSolve in liquid sulphur di- 
oxide with a yellow colour, and both exhibit a fairly high condue- 
tiyity. They therefore offer a dose analogy. It is frequently found 
that isomerisation from a colourless to a coloured substance is 
accompanied by a change from a benzenoid to a quinoid structure^ and 
this has been shown to occur in the case of p-bromotriphenylmethyl 
chloride. Though silver chloride has no action on the substance when 
dissolyed in benzene, in sulphur dioxide solution the bromine atom 
is replaced by chlorine, and on evaporating the solvent colourieas 
p-chlorotriphenylmethyl chloride is obtained.^ The change is 
readily explained on the assumption of an intermediate half-quinoid 
or qumd form first proposed by Kehimann for the coloured salts of 
triphenylmethyl ' 

a 

The quinoid halogens thus become labile, and an interchange of the 
chlorine of the silver chloride for bromine occurs, which on removal 
of the solvent passes intoi>-chlorotriphenylmethyl chloride. 



I 

a. 



' a«mb«rg, 1909, 43, 406. 



* OomMrg, 19W, 43, 4U0. 

' Str., 1901, S4, 8816 ; tea tiao, Oimr mi Stnttmn, this Tolome, Put VL 
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Again, by simply dissolying j^bromotriphenylmethyl chloride in 
snlphnr dioxide and remoTing the solvent a mixture of j>-bromo- 
iriphenylchloride and |H3hlorotriphenylbromide is produced : 

(C,H5),CClC<,H«Br 






(C6H5),CBrCeH4a 



In this way triphenylmethyl chloride in isomerising to the yellow 
modification passes into the quinol form, and at the same time undep> 
goes ionization into a basic ion, 

(C,H,),C:<^ y<^ 

Quinocarboniuxn ion. 

to which Gomberg has given the name quinocarbonium, and an acid 
ion. The coloured salts are termed quinocarbonium salts. 

The existence of hydroxytriphenylcarbinol in a yellow and colour- 
leas modification, melting respectively at 189-140° and 157-159^, 
which are interconvertible (acids and the action of light produce the 
qoinoid, whilst alkalis promote the benzenoid form)^ points to the 
same explanation.^ 

Benzenoid Quinoid 

m. p. 157-169. m. p. 189-140. 

What, then, is the nature of the yellow ionized compound present 
in the sulphur dioxide solution of triphenylmethyl? By analogy it 
should consist of the basic quinocarbonium ion and an acid ion, which 
may be the tervalent radical, 

H 

On the assumption that dilution does not change the equilibrium be- 
tween two dynamic isomers, whereas ionization is known to do so, 

^ Gomberg, J. Amtr. Chem Soc, 1918, 36, 1085. 
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Piceard ^ determined the effect of dilation on the intensity of the 
colour of triphenyhnethylf and showed that it does not follow Beer^s 
laWy' hat that the colour is intensified ; in view of recent observatioiis 
on the effect of solvents on the equilibria of dynamic iBomen»' 
Piccard's conclusion that ionization occurs cannot be snstiinfd 
NeyertheleflBi the obsenration is of interests 

The existence of the corresponding unionised compound of the 
formula, 

Jaoobaon'8 fonnala. 

which was first suggested by Jacobson, is supported by observations 
of Gombeig and Cone.^ Following the same line of reasoning which 
determined the quinol formula for the coloured modification of the 
unimolecular compound, these observers prepared p-bromotriphenyl- 
methyl chloride, which, acted upon by molecular silver, removed not 
only two atoms of chlorine giving the triaryl compound, but also one 
atom of bromine. This could only occur if the nuclear bromine 
atom became attached, as in the former case, to the quinoid nucleus 
(indicated by an asterisk). 

(CeHJ^C^ \Br ^ (C.HJ,C:/ >/ 

I ^— ^ ^ ^ M)(CeHJ^C,H4Br 

01 



Moreover, Jacobeon's formula explains in a simple way the action of 
acids on triphenylmethyl,* which yields a compound first obtained by 
UUman and Borsum.* 



The only other compound whose structure has yet to be conaidet^ 

> Atmaltn, 1911, 881, 84. , 

* Aeoording to Seer's Late the intensity of eolonr in a solution is p t o poiii onal 
to its eonoentration. 

* Hantsaeh, Ber., 1910, 48, 8049 ; 1911, 44, 1772 ; K. H. Ibvw. j-nifm 1911. 
8bO 812. "■"' * 

* 'Ser., 1906^ 30, 8174 ; 1907, 40, 1880. 

* Oomberg, fitr., 1908, 85, 8918 ; 1908, 86, 876. 

* Ber., 1908, 85, 8877; Jaeoboon, B«r., 1905, 88, 196. 
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is the colourlees bimoleeular modifioation which exists in the 
free state and in solution in equilibrium with the coloured mono- 
molecular compound. It seems probable that it is either hexaphenyl- 
ethane or an aggregate of two molecules of the tervalent radical. 

The synthesis of hexaphenylethane would have settled the question, 
but so far all attempts to prepare it have failed. On the other hand 
both tetra- and pentaphenylethane have been obtained by Gomberg and 
Cone, who describe them as stable substances exhibiting, at least at 
ordinary temperatures, no tendency to absorb oxygen, or otherwise 
to behave as unsaturated compounds. 

In conclusion, it would seem that every property of the triaryl- 
methyl compounds may be explained by the existence of four modifica- 
tions which in solution are in equilibrium. This equilibrium is re- 
presented by Gomberg^ as follows : 

Whether or not hexaphenylethane exists, or the coloured unimole- 
eular compound possesses the quinol structure, it is abundantly proved 
that the bimoleeular compound readily dissociates in solution, break- 
ing up into two molecules of the triarylmethyl compound in which 
earbon is tervalent. 

Schlenk' has also observed that the compound obtained by the 
action of sodium on aromatic ketones has the formula (Ar)2G . ONa 
and not the double formula (see p. 247), and the compound, for- 
merly regarded as ditolane hexachloride, appears from recent deter- 
minations also to have half the molecular weight, and is therefore 
tolane trichloride CeH5CCls. CCIG0H5.* Both compounds therefore 
contain tervalent carbon. 

Wieland/ it may be added, has found that tetraphenyl hydrazine 
fareskB up on heating into diphenyl nitride (0J3l^^ containing 
bivalent nitrogen. 



OarbnL There are a number of compounds in which 
there is reason to believe that bivalent carbon is present. Among 

I Ber., 1918, 46, 228. 



FT. f 



* Br^ 1911, 44. 1182; 191 8) 46, 2840. 

* L5b^ £«^., 1908, 86, 8068. « ArmdUn, 1911, 881, 800. 
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these are carbon monozidey GO ; fdlminic aeid, G : NOH ; and, aeooi 
to Nef, the alkyl and acyl isocyanidea^ RN: C, and aeetylene and its 
halogen deriTatiyeSb Although it is possible to interpret the stmetore 
of all these oompoondSy except the last, as containing mutually saturated 
valendeB by making oxygen quadriyalent or nitrogen quinquevalent, 
there are chemical as well as stereochemical considerations which make 
such a supposition improbable. If we accept the usual stereochemical 
arrangement of the carbon bonds, it is difficult to conceiTe of these 
four linkages being brought simultaneously into action with any 
other single atom. The chemical properties of most of these comr 
pounds point in the same direction. 

flUufclu ga of tks IPoqr*ni<l—. Supposing the inability of bi- 
▼alent carbon in carbon monoxide to form additive compounds (except 
with chlorine and caustic soda) to be due to the presence of dectro- 
negative oxygen, then the leplacement of oxygen by a more electro- 
positiTe group might restore its additive power. Such was Nefs 
reasoning.* He selected for his inquiry alkyl and acyl isocyanides 
B . N : G and found that his anticipations were correct The alkyl and 
acyl isocyanides form the following series of additive compounds : 

1. With the halogens {CI, Br, I) combination takes place vigorously 
at low temperatures. The reaction, according to Ne( proceeds in 
steps. The halogen molecule X^ unites first by virtue of its residual 
valency and then separates into its constituent atoma. 

/X /X 

BN:C<+X:X -► RN:C<|| -• BN:C< 

II \x \x 

That the halogens actually take ap these positioiia is proTed l^ the 
fact that onion with amines yields guanidines. 

2. With acid chlorides (acetyl, benxoyl, carbonyl, and ehloroCwmie 

ester) the following are fonned, in which the halogmi may be 

replaced by hydroxy! : 

BN:0C!1 

/CI /CI \ /a 

:C< , BN:C< , 00, RN:C< 

^COCH, MXKJcHj / NXKKVHj 

BN:0C1 



BN 



3. The isocyanides unite with free oxygen, reduce metallic Axiil'^t 
and combine directly with sulphur to form carbimides and thioear- 



SN:C:0, BN:C:S 

> J. Aaur. atewt. Sac, 19M, 26, 1549 ; Anitaltm, 189^ 270, 267 ; 18M, SSO, SSL 



i^-'^. 
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4. They combine with amines H — NHK and hydroxylamine 
H-NHOH : 

/H /H 

RN:C< , RN:C< 

\nhb \nhoh 

5. They combine with alcohols, mercaptans, and hydrogen sulphide: 

RN:C/ , RN:C/ , EN:c/ 

\OC2H5 ^SCjjHg \SH 

6. With phenyl magnesium bromide a compound of the formula, 

MgBr 
is formed. 

7. In absence of water the halogen acids produce additive com- 
pounds which by analogy are represented as follows x 

HCl 

^Cl^a 

Moreover, like other unsaturated compounds they polymerise ; thus 
phenylisocyanide rapidly changes to a resinous mass. Hydrolysis, 
on the other hand, produces the formamide BNH . GHO, from which 
it appears that carbon in the isocyanide had three available bonds ; but 
the exact mechanism of the addition process is unknown, and it is 
quite conceivable that the elements of water first attach themselves 
to the carbon atom and that this is followed by the migration of 
hydrogen to nitrogen. 

BN:C< -» RNH.OHO 

Kef further points out that many of the above reactions are reversible 
and the isocyanide and its addendum may dissociate at an appropriate 
temperature in the same manner as ammonium chloride. 

There seems no reason, therefore, to doubt the existence of bi- 
valent carbon in alkyl and acyl isocyanide& 

B tracliu f of the Xetallio Cyanides. The metallic cyanides 
probably possess a similar structure. Like the alkyl and acyl iso* 
cyanidesy alkaline cyanides readily imite with oxygen. Potassium 
cyanide forms potassium cyanate on oxidation and p]H)bably unites 
with chlorine to form KNGC12* Like the alkyl isocyanides the 
alkaline cyanides form double salts with the heavy metallic cyanides, 
whereas the few double salts of the alkyl cyanides are much less 

f2 
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stable.^ A significant fact is the existence of sodiam fenofulminate 
Ni^Fe(ON : C)^ + ISHjO, which has been proTed to contain bivalent 
carbon, so that sodium ferrocyanide by analogy should be written 
Na4Fe(N:C)e.^ Another fact discoTered by Nef also points in the 
same direction. Potassium cyanide and ethyl hypochlorite give 
ethyl cyanimido carbonate, the formation of which can only be 
satisfactorily explained by adopting the isocyanide structure. 

KNC -♦ KNC<: * * -> KNC.OCjBL 

\C1 KCN ( 

aC:NK 

+ KOH + Ka 

N 

Thebehaviour of silver, mercury, and certain other metallic cyanides 
of the heavy metals differs from that of the alkaline cyanides. They 
are not oxidised by permanganate and yield isocyanides with the 
alkyl halides, whereas the alkaline cyanides yield cyanatee in the first 
case and mainly cyanides in the second. On the other hand, the 
acyl halides, such as acetyl chloride, give cyanides and not iso- 
cyanides with silver cyanide. The last f&ct disposes of the view thai 
the two classes of metallic cyanides are differently constituted, the 
alkaline cyanides being normal and the silver and mercury com- 
pounds having an 'iso' structure. How are these observations to 
be reconciled ? Nef considers that both classes of metallic cyanides 
have the iso structure and that the difference in behaviour lies in 
the electrochemical character of the metaL Whilst the alkaline 
cyanides react with the alkyl halides by direct addition to give the 
alkyl cyanide thus : 

KNC+RI-^KNC<;^ -> NCE+KI 

silver cyanide reacts by direct substitution : 

AgNG + BI » BNG + Agl 

There seems to be also some evidence that potassium cyanide forms 
additive compounds with alkyl iodidea 

Wade' in a subsequent investigation, whilst accepting Nef's views 
as to the structure of the metallic cyanides, has given a rather 
different interpretation to the interaction of sQver cyanide with the 
alkyl halide, which he represents as follows : 

1 HoAnann and F(iRge, Bar,, 1907, 40, 1132 ; Bamberg, Ber., 1907, 40, 2578. 
* Armtdtn, 1894, 280, 885. » IVoim. Okmn. Soc, 1902, 91, 1008. 
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AgNC + m -^ AgNC -^ SNC+AgI 

/\ 
B I 

Thm^ wliile addition to the alkaline cyanide with its strongly 
deeiiopositiTe metal takes place at the carbon atom, in the case of 
atrer cyanide with the weaker electropositiye metal it occurs at the 
nitrogen atom. It most be admitted that neither proof appears 
▼eiy eondnsiye. 

Sidgwiek^ has made the ingenious suggestion that in all cases 
addition to carbon takes place, and that the additive compound may 
exist in two stereoisomeric forms: 

BCI BCI 

11 II 

MN NH H » Metal 

I. II. 

Formnbi H, corresponding to the synaldozimes, represents the additive 
compoond of the alkaline cyanide and yields^ by removal of the 
metallic icMlide, the alkyl cyanide as formulated by "Set The first 
fonnnbi (I), which represents the additive compound with silver 
cyanide, undergoes the Beckmann conversion^ and by interchange of 
metal and alkyl group, followed by the detachment of the metallic 
iodide, yields the isocyanide. 

BCI MCI C 

II -* II -* II 

MN BN BN 

But theie is no proof whatever of any such reaction. 

Tk» gl r acliu ps of Hyflg o g e a i Pymaids. The study of the structure 
ci hydrogen cyanide, which, like the nitriles and isocyanides, may 
coust in two different forms, has produced evidence of such a con- 
flicting character that it seems at present purposeless to offer more 
than a brief outline of the arguments for and against the one or 
other structure until the subject has advanced a stage. It is clear 
that no purely chemical method wiU suffice to settle the question, 
for reasons already given in the chapter on isomeric change (Part II, 
pu 313Jl The following &cts have been advanced in favour of the 
nitrile structora Hydrogen cyanide undergoes hydit>lysis by alkalis 
which are without acti<m on alkyl isocyanides, whereas acids which 
act slowly on hydrogen cyanide decompose isocyanides wiUi great 
nfidity. Again, the alkyl isocyanides, like the alkali cyanides, which 
may be assumed to be iso compounds, dissolve silver ^anide^ whilst 



iVvc Cham, Soe,, 1905, 21, 12a 
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niirOes and hydrogen cyanide do not. When hydrogen cyanide is 
heated it polymerises; hut there is no eyidence that it undergoeB 
isomeric change ; nitriles, on the other hand, yield isocyanides. The 
polymeride obtained from hydrogen cyanide forms glyooaine on 
hydrolysis and is therefore aminomalonitrile, NHs.GHCCN)^, indicat- 
ing thereby that the nitrile rather than the isocyanide has undeigone 
polymerisation.^ There are a large number of chemical facts which 
point in the same direction, such as the preparation of hydrogen 
cyanide from formamide ' and formozime ' by dehydration, a reaction 
which corresponds to nitrile formation. Its additive compounds with 
metallic chlorides^ resemble those of the nitriles and its stability 
towards ethylhypochlorite and chlorine is in marked contrast to the 
alkyl isocyanides' (p.^)- Its union with diazomethane to form 
acetonitrile* has been discounted as a fact in favour of the nitrile 
structure since the discovery that isocyanide is also formed.^ 

Many of the physical constants also indicate a nitrile structure ; 
its refractivity,* its high dielectric constant and ionising power 
correspond to those of the lower nitriles.* Michael and Hibbert '* take 
the same view and regard the true hypothetical acid as having the 
isocyanide structure, but from the absence of salt formation when 
pure hydrogen cyanide is added to trialkylamines (though the 
cyanides of these substances can be formed in other ways) they 
conclude that the actual compound is formonitrile. It is true that 
the primary and secondary amines do yield unstable salts, but it is 
contended that the union is accompanied by isomeric change, a form 
of argument which has an air of special pleading. 

On the other hand Ghattaway and Wadmore " adopt the isocyanide 
formula on account of the ease with which hydrogen is exchanged 
for halogen in hydrogen cyanide and its salts. 

C:NH, C:NC1, C:NK 

Cyanogen chloride has the characteristic properties of a nitarogen 
chloride and consequently the isocyanide formula for hydrogen 
cyanide explains most satisfactorily its whole chemical behaviour. 

The weak character of the free acid compared with the effect of 

* LesMdor and Bigant, OompL rmd,, 1879, 80, 810. 

* Hofmann, lYons. Chan, Soc, 1863, 16, 74. 

' DansUn and Bossi, Trans. Chem, Soc,, 1898, 73, 360. 

* Klein, Annalmj 1850, 74, 86. 
«> Nef, Afmalen, 1895, 287, 274. 

* yon Pechmann, Ber,^ 1895, 28, 857. 

T Pentoner and Palazzo, jLtU 22. Accad. Ltncei, 1907, 16, 482. 

* Br&hl, Zeit physik. CKm., 1895, 16, 512. 

* Schlundt, ZeiLphysik. Chenu, 1901, 5, 157. 

^ Armalm, 1909, 364, 64. ^ Trans, Om. Soc, 1902. 81, 192. 
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the cyanogen group in increaaing the acidity of acetic acid (a fact 
which has heen advanced by Ostwald as indicating an isocyanide 
stmctoie), , 

Acetic acid, E « 00018 
Cyanaoetic acid, K = 0-8700 

loses its force when a similar comparison is drawn between the 
OCl, group in chloroform and the same group in trichloracetic acid, 
the former producing a neutral non-electrolyte and the latter a strong 
acid with an aflfinity constant, K » 120-0. Nef has attributed the 
poiBonons character and low boiling-point of hydrogen cyanide to 
the isocyanide structure ; but it appears now that alkyl cyanides as 
weU as cyanogen produce symptoms resembling hydrogen cyanide 
poisoning. In its ready formation of additive componnds, such as 
HON . Hd and 2HCN . 3HC1, it appears to resemble the isocyanides ; 
bat. frmn their behaviour, it seems that the probable formulae are : 

Ciof , HOC HCl 

^H \nH.CHC1, 

The weight of evidence appears therefore in favour of the nitrile 
structure ; but^ 9s stated above, chemical reactions alone are incapable 
of settling the question* 

Th« gl r acliU PS of Pwlmiiiic Aeid. The presence of bivalent 
carbon in fulminic acid has been demonstrated by Nef* Mercury 
fulminate, which was discovered by Howard in 1800 and has since 
found such an extended application as a detonator, is prepared by the 
action of mercuric nitrate in nitric add on ethyl alcohol. The analysis 
eone^NHids to the molecular formula HgCaNjO,, and it is therefore 
isomeric with mercury cyanata Passing over the earlier researches 
of Kekuld (p. 61), who regarded it as a derivative of nitro- 
acetonitrile, it has been shown that hydrochloric acid breaks it up 
into hydrozylamine and formic acid, suggesting the following formula 
for the acid : 

C:NOH 

r 

UiNOH 

The sin^e carbon formula G : NOH or earbylolime has been deduced 
from its synthesis. Nef obtained it by the action of mercuric chloride 
00 sodinm nitromethane, which probably reacts by forming a mercuric 
salt of nitromethane and then loses the elements of water. 

> Afmalm, 1894, 280, 275, 803. 
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H,C:NOhg = C:NOhgfH,0 hg=^ 

II 2 

O 

Moreover, mercury fulminate when acted on by nitrous acid is 
conTeried into methyl nitrolic acid, (N02)HG : NOH. Seeing that both 
nitromethane and methyl nitrolic acid contain only one carbon atom, 
there is strong proof of the presence of a single carbon atom in 
fiilminic add. The formation of methyl nitrolic acid from a ful- 
minate and nitrous add as well as of formylchloride oxime, by the 
action on the sodium salt of the former with hydrochloric add, and 
the existence of an additiTO compound of hydrogen chloride and 
silver fulminate^ all point to the presence of bivalent carbon. 

H H H 

HON:C/ H0N:C/ AgON:C<f 

^NO, Na XJl 

Additive compounds with hydrogen sulphide and sulphate are also 
known and are readily prepared. 

HON:0<^ H0N:C/ 

N3H M)SO,H 

The structure of formylchloride ozime is further determined by its 
decomposition, on standing, into hydroxylamine hydrochloride and 
carbon monoxide, and by its conversion with aniline into phenyl 
isouretin, the structure of which has been fully established. 

HO.NH0<f 

^NC,H5 

It may also be added that silver nitrite converts formyl chloride 
quantitatively into silver fulminate. 

+ 2AgN0, - AgON : + Aga + HNOs 

In addition to Nef s synthesis, already menti<«ied, fnlminie add 
has been obtained by Wieland * from methyl nitrolic add and Bimilar 
compounds, the formation of which is easily accounted for in each 
case by adopting Nef s formula. SchoU ' found that in preaenoe of 
benzene and a mixture of anhydrous and hydrated aluminium chloride, 
mercury fulminate may be converted into benzaldoxime. The reaction 
is most simply explained in the following way. The hydrated alu- 

1 Ahrana' Vvrtragi, ltN», U, 8S5. 

* &r., ISM, SS, S4S2; I90d^ 80, 10, 822, 648L 
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iloride llbefBtes hydrogen chloride from ihe fulminie acid 



and nnitflB with it to foim fonnylchloride ozimOy which 
wiy& benaeneL 

HON:0/ +CeH.«HON:C/ +Ha 

Fmalljy the moleeiihff weight of the aodiam salt has been ascer- 
tained by the cryoscopic method, whOst the molecular conductivity 
ahowB that the add is monobasie, and both point to the acid possessing 
the mumolecolar foimola, G :NOH. All that remains is to briefly 
indicale the fonnafcion of fdlminic acid from alcohol, which probably 
pawicB throng the following series of changes : 

CH,- CH,OH-p^CH:;CHO-*HON: CH, CHO-*HON:CH. COOH 
-♦ HON : 0(NOJ. OOOH -♦ HON : CH(NOJ -> HON : C 

The acid then onites with mercury to form mercury fulminate. 



of AeeftfisBia CompaaBdfl. Nef ' found that if dibrom- 
ethykDe^ CS^H^Br^ is acted upon with aqueous-alcoholic soda it yields 
agaSylwcMnaoetyleneyOsHBr. This substance is exceedingly reactiye; 
it comlmes Tigorously with oxygen, phosphoresces, giTes the ozone 
ieaeti<Mi, smells like hydrogen cyanide, and is poisonous. The alkyl 
and acjl derivatiTes of acetylene, on the other hand, have a sweet 
■mdl and other properties in marked conlzast to the above bromine 
eon^KNUid. Dibromacetylene, C2Br2» is obtained by the action of 
alrohnlie potash in the cold on tribromethylene. It smells like an 
isocyaiiide, and is both yery poisonous and spontaneously inflam- 
maUe. Moreover, it combines directly with sodium ethoxide and 
phenoxidetofonn dibromophenyl- and ethyl- vinyl ethers, CgBr^ . OB, 
and with hydriodic add to form dibromoiodethylene, C^HBr^L The 
€Mt that all three compounds give dibromacetic add or its ester on 
oxidation, taken in conjunction with the unstable character of dibrom- 
acetylene^ its poisonous properties and striking similarity in smell 
to the tsoc3ranidefl^ led Nef to regard both mono- and dibromacetylene 
m derivatives of aoetylidene, GHs:CC CHBr:CC CBr^zCC For 
similar reasons^ and also because diiodacetylene breaks up on oxida- 
tioo into tetniodethylene and carbon monoxide^ the fonner is 
legutied as diiodaoetylidene. 

2CI,:C+0, = 2C0 + CI,:CI, 

The metallic compounds are formulated in a similar fiohion, 
GaG:C^AgsG:C^, Ac, andaeetyleneitselfis represented as possessing 
the aeetj^idaoe stmctura 

1897, sea, 882; 1899, 806, 886u 
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Although exception may be taken to Nef s TiewB on the stracture 
of the acetylene compounds, the existence of bivalent carbon in the 
other groups, which have been discussed, seems to be firmly estab- 
lished. The question whether the unsaturated valencies should be 
represented as mutually saturating one another, or free, or, as Nef 
supposes, an equilibrium mixture of both, the free being the reactive, 
and the combined the inactive form, does not seem to possess much 
real significance. 

RR.CI] ^ RR.C< 

Inactive. BeactiTe. 

The Vatnre of Unsatiizated Groups. By an unsaturated group, 
OB distinguished from an unsaturated atom, we wish to imply the 
union of two atoms whose affinities are not saturated. When the 
union lies between carbon and carbon we obtain the unsaturated 
hvdrocarbons and their derivatives. It is clear that in a case of this 
character, as, for example, in ethylene and acetylene, we may indicate 
unsaturation in several ways. Adopting Werner's view that valency 
may distribute itself unequally over the atom, a larger amount will 
be available for uniting unsaturated than for saturated carbon, or 
unsaturation may be indicated by the union of bivalent or tervalent 
carbon atoms, leaving a certain amount of affinity free, or, again, the 
unsaturated valencies may be represented by the method adopted by 
Nef in bivalent carbon compounds, as saturating one another. In 
the last case we obtain what are known as double or treble bonds or 
linkages. Although the double and treble bond is very generally 
accepted, it may be well to state briefly the evidence upon which it 
rests. We will then proceed to discuss the theory of free valencies, 
i. e. the union of bivalent and tervalent carbon, and finally Wemer*8 
theory in its application to unsaturated compounds. 

Theory of the DoaUe Bond. In the first place, there is nothing 
intrinsically improbable in the notion of a force of attraction being 
concentrated at definite points on the atom or having a definite 
direction, which may be symbolized by bonds. The view, indeed, 
receives substantial support from the theory of the valency electron, 
which is discussed later (p. 96). This theory represents valeney as 
residing in one or more electrons which occupy a definite position in 
or near the surface of the positively charged atom and send out lines 
of force which either terminate on other atoms and so bind them or 
curve back on the atom from which they proceed. 

But there are other grounds upon which the theory of the double 
bond rests. All unsaturated compounds unite with an even number 
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of uniyalent atoms or groups ; in other words, the saturation of one 
unsaturated carbon atom necessitates that of the other, and moreover 
the unsaturated carbon atoms inyariably adjoin one another. There 
is an obTious connection of a special kind between the two un- 
saturated carbon atoms, for which the device of the double bond is 
made to serve. 

If ethylene and ethane differed merely in the number of hydrogen 
atoms attached to the two carbon atoms, we should expect the heats 
of combustion and formation and other physical constants to be 
determined solely by the presence or absence of hydrogen ; but we 
know that this is not the case. The physical constants for unsaturated 
compounds are fully discussed in a subsequent chapter (Part II, 
chap, i), but it may be stated here that the difference between 
saturated and unsaturated carbon is clearly brought out in the 
values for molecular solution-volume, refractivity, magnetic rotation, 
and heat of combustion. For example, the heats of combustion of 
ethane, ethylene, and hydrogen given by Thomson are : 

C^Hg 37044 moL-grm.-cals. 
CgH^ 383-35 „ 

H^ 68>36 ,, 

If the value for ethylene were that of ethane less two atoms of 
hydrogen, it would be 37044 — 68-36 = 30208, whereas much more 
heat is evolved. The conclusion is that unsaturated carbon atoms 
are more easily severed than the saturated atoms, and less energy is 
consequently absorbed in the process of cleavage. 

Unsaturated carbcm possesses therefore a higher energy content or 
the carbon atoms are at a higher chemical potential than when 
saturated. But evidence of a more convincing kind is derived from 
stereochemical considerations. 

Bvidenoe of StereodidBiistKy. The principles of stereochemistry, 
enunciated by van 't Hoff (Part II, chap, iii), are based upon the 
relation subsisting between optical activity and the presence of 
asymmetric carbon in saturated compoundsi and again on well- 
marked physical and chemical differences among the so-called 
geometrical isomers of the olefine series. This theory rests upon 
the assumption of a definite position and direction of the valency 
attachments. But it offers something more than an explanation of 
these forms of isomerism, important though they are. 

We must be careful to recognize clearly that the method of indi- 
cating unsaturation by a double bond is not taken to imply a firmer 
eonneetion between the unsaturated carbon atoms any more than an 
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increased valency value indicates additional strength of affinity 
(p. 56).^ The double bond is, in short, a point of weakness in a 
molecule rather than of strength. Thus, on oxidation with perman- 
ganate or fusion with potash, the double link forms the point of 
cleavage and, as already pointed out, the heat of combustion of an 
unsaturated compound, atom for atom, is greater than that of a 
saturated compound. It contains a larger store of available energy 
and is consequently less stable. 

Various theories giving pi'ominence to the idea of the weakness of 
the double bond have been advanced, and rest mainly on the space 
arrangement of the carbon bonds. If we suppose the bonds to 
diverge at equal angles (109*5^) from the central carbon atom and to 
retain their positions when the two carbon atoms become doubly 
linked, the space arrangement viewed in perspective will appear as 
shown in Fig. 1. 

A 
B 





Fra. 1. 

If the single bond represents the direction and measure of the force 
of affinity, the resultant of the two forces acting at an angle of 109*5^ 
will not be the equivalent of the same forces acting in a straight line 
but very much less. According to Baeyer's strain theory (see p. 178), 
if the result of the double linking tends to bend the two pairs of 
bonds from their original positions into a straight line joining the two 
carbon atoms, a condition of strain will be set up which will occasion 
instability. This theory is developed more fully in connection with 
the formation of cyclic compounds (p. 178) ; but it may be mentioned 
here as a significant fact that the ring systems which occasion least 
deformation in the normal arrangement of the bonds contain five and 
six atoms, and of all ring systems these appear to be the most readily 
formed, the most stable, and of the most frequent occurrence in 
nature. Without, therefore, a definite position and direction of the 

^ It is for this and other reasons thst some ohemists, notably Lessen {Annalm, 
1880, 204, 295), Hinrichsen {JJeber den gegmuArtigm Stand der Valmdehrt), and 
Werner {Neuere Anachemungin axifdem Q^>iete der anorganiachen C/temta), have raAtsed 
to accept this method of denoting unsaturation. 
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broe of affinity, the theory of stereochemistry in its relation to stereo* 
isomers and ring formation would have to be modified, if not relin- 
quished. 

Thm Theoxy of Tr— ValeneiMi. The theory of free valencies, 
which was at one time adopted by Fittig to explain the isomerism of 
maleio and fumaric acid, has been recently revived by Hinrichsen,^ 
who considers that the nature of unsaturation of ethylene compounds 
in no way differs from that of coml^ounds containing bivalent carbon 
(p. 65). They form additive compounds with the same class of 
reagents and under similar conditions, and therefore, if substances 
like carbon monoxide, the isocyanides, fulminic acid, and triphenyl- 
methyl contain free valencies^ there is no reason why ethylene should 
be denied this attribute. 

It is true that the non-existence of isomeric ethylenes and propy- 
lenes is not very easily accounted for, 

CH3 — CHg CHj 
— CHj CHj — CH CHj >0 

— CHj >CH — CHa — CHa OH^ 

Ethylenes. Propylenes. 

but the absence of the radical CH3 Hinrichsen regards as no moro 
remarkable than that of PH, or NH^. As the electrochemical 
character of elements becomes more emphasized in their lower 
valency combinations without having recourse to multiple linkages 
(e.g. chlorine in HCl is more electronegative than in GIO^), so the 
electronegative character of unsaturated carbon is accentuated in 
acetylene, in which hydrogen is replaceable by metals, and multiple 
linkage may be equally dispensed with. 

Stereoisomerism, which might present a difficulty, is explained by 
adopting Knoevenagel's view^ of the constitution of carbon com- 
pounds in which carbon and attached atoms or groups in saturated 
compounds occupy the faces of the tetrahedron and not the points, 
whilst in ethylene compounds the two tetrahedra are pivoted on an 
edge and oscillate backwards and forwards, addition taking place on 
opposite faces at the extreme of an oscillation on one side or the 
other. In opposition to this view it is contended that if a compara- 
tively stable compound like ethylene possesses free valencies, there is 
DO reason why, for example, an isomeric propylene CH,. CH^. CH^ 
should not exist. ' ' 

Now although the balance of evidence would appear to favour the 

"^ AnnoUsn, 1004, 336,228. ' AnmUfiy 1900, 311, 194. 
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existence of double bonds in unsaturated compounds, nevertheless 
certain recent observations have been recorded which seem capable 
of no other simple interpretation than the assumption of free 
valencies. 

The facts are briefly as follows : in 1905 Thorpe and Eogerson ^ 
obtained two esters having entirely distinct properties, to which the 
following formulae were assigned : 

lRO.fi . C(CN) . C = CH . CO2R ROgC . CH(CN) . C = C . CO^R 

II' II 

CH3 CH3 CH3 CH3 

The two esters on hydrolysis yielded one and the same aj3-dimethyl- 
glutaconic acid, that is, the two groupings are identicaL 

a /8 7 (X $ y 

— CH— C = CH— — HjjC-C = C— 

II .11 

R R R R 

Identity was also found to exist in the following pairs: (x- and 
y-methylglutaconic acids and the ot-methyl-y-ethyl and a-ethyl- 
y-methyl-glutaconic acids. In other words, the a and y positions arc 
identical, no doubt for the same reason that determines the equality 
of the two meta positions in the benzene ring and the identity of 
compounds described under virtual tautomerism (Part II, p. 827). 

Two explanations might be given of the cause of this identity in 
the at and y positions : a dynamical one, based on the assumption 
that the free hydrogen atom oscillates between the at and y positions 
with recurrent change of linkage, or a statical one, in which the 
atomic arrangement is fixed and symmetrical, a condition which 
would involve the conception of free valencies of the end carboa 
atoms or, what amounts to the same thing, the presence of two 
tervalent carbon atoms. 

The two views may be expressed thus : 

>C.C.C< >C-CH— C< 

H 

In 1909 Feist' prepared a second and labile a-methylglutaconic 
acid which at first sight points to the existence of cis- and trans- 
isomerism and was so regarded by its discoverer, and the fact 
appeared to be confirmed by the preparation of other oe- and /?- 
monoalkyl, ot^- and ory-dialkyl-, and a/Sy-trialkyl-glutaconic acids in 
isomeric form&^ Were this a case of geometrical isomerism, it 
would dispense at once with both the foregoing explanations, 

^ Trans. Chem. Soc., 1905, 87, 1<^9, 1686. > Annaletij 1909, 370, iU 

* Thorpe and Thole, Trans, Ckem. Soe., 1911, 98, 2187. 
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The inadequacy of the stereoisomeric explanation has been placed 
in a very clear light by Thorpe and his collaborators. a-Alkylgluta- 
conic acid may be taken as a typical cnse. It is converted on treatment 
with acetyl chloride into an anhydride, which acts as a monobasic 
acid. It forms well-crystallised alkali salts from which acids liberate 
the original anhydride ; it yields an acetyl derivative, and with 
phosphorus chloride, hydroxyl is replaced by chlorine. 

When hydrolysed with strong potassium hydroxide solution or by 
dOute alkali carbonate in presence of casein ^ the anhydride passes 
into the salt of the labile acid, which is rapidly converted by boiling 
with hydrochloric acid into the stable acid. 

The process of formation and acid properties of the anhydride 
point unmistakably to one of the following formulae : 

>,CR— CO vCRiqOH) 

Hcf >o Hcr >0 

X)H:C(OH) XJH.CO 

I. II. 

that is, the firee hydrogen atom of the three-carbon system passes to 
the oxygen, forming a hydroxyl group. Of the two, the first formula 
is preferred owing to the absence of pyruvic acid among the products 
of oxidation, which the second might be expected to yield. Now in 
the conversion of the alkali salt of the hydroxy-anhydride into the 
salt of the labile acid and the latter into the stable acid, the follow- 
ing changes- will, according to Thorpe, occur : 

<CR— CO ^CR . COOH -^CR . COOH 

>0 -* HCf -♦ HjCC 

CH : C(OH) XiHa . COOH -^CH . COOH 

Hydroxy-anhydride. Labile acid. Stable acid. 

The di£ferent alkylglutaconic acids examined appear to behave 
much in the same way, and differ mainly in the stability of the 
hydroxy-anhydride and the labile forms of the acids which are 
greatly influenced by the position of the alkyl group. Glutaconio 
acid itself, though it gives a hydroxy-anhydride, forms no labile 
isomer. But what evidence is there for the existence of twa 
structural rather than of two geometrical isomers ? 

The evidence is briefly as follows : ^ glutaconic ester and its alkyl 
derivatives containing a mobile hydrogen atom, when treated with 
sodium ethoxide, give yellow sodium ethoxide compounds. When 

' Casein in small quantity acts as an 'anticatalyst'. After treatment with 
dilate alkali the acid is converted into the silver salt from which H^S liberates 
the labile acid. With strong potash the dipotassium salt of the labile aoid is 
formed. 

* Thorpe and Bland, 2Van«. Cfum, 8oc., 1912, 101, 871. 



80 THE VALENCY OP CAKBON 

the flodinm compound id decomposed by water the first product 
according to Thorpe must be the ester of the hibile acid» a portion of 
which, according to the Tarying stability of the add, would paaa into 
the stable ester. 



ce. 



— RC . CO,C,H$ EC . COjCjH^ 

^ CH 

— CH . COjCjH, CH, . GO,C^, 

SUble ester. \ /f Labile ester. 

KC . C0,C^5 

CH 

I .ONa 

CHi 






Sodium ethoxide oomponnd. 



The two esters cannot however be distingoished, since they are 
both insoluble in alkaline solution. But by introducing two negative 
groups into the group carrying the acid hydrogen, the sodium 
compound is thereby rendered more stable in aqueous solution and 
can be separated from the normal ester produced at the same time by 
extracting the latter with ether. 

B.C. COjC^Hg B.C. CO jC^Hj 

CH, ♦- CH 

I I yONa 

CjHgOjC . C . COjCjHft CjHgOCO . C : C^ 

Stable ester. Sodium ethoxide eomponnd. 

E. C . COjCoHfi B.C. 00,G,Hs 

II II 

-♦ CH -♦ CH 

I .OH I 

CjHgOjC . C : C<^ CjH^OjC . CH . CG^C^Hs 

Labile enol eeter. Labile keto ester. 

From the sodium compound which is present in the enolic form 
carbon dioxide liberates the labile ketonic compounds. The above 
process has been carried out in the manner described with the 



H, 
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offbeOioxj-derivBtnres of o-meihyl, ethyl, and benzyl-glataeoiiie 
esfcen and in each case a labile ester was isolated in enol and keto 
fofms which underwent conyersion into the stable ester. 

The diseorery of a third isomer of /^phenyl-^-meihylglntaeonic add 
btt afforded the final proof of Thorpe's view.^ 

In the process of synthesizing the ester, two forms were obtained, 
a hqiiiid and a soHd, corresponding probably to the eis and trans 
iaomer (see Part II, p. 243). When the liquid ester is hydrolysed 
it yields two adds which, according to Thorpe, represent the 
aorvol and as acids, whilst the solid ester only gives one 
prodncL 

If the hydrazy-anhydride, obtained as preyiously described, is boiled 
with water, it is converted into the normal acid : if treated with con- 
<*«4^'^ alkali, it forms a mixture of the normal and cis adds; 
finally, if acted <n with dilute alkali in presence of casein, only the 
Hs mad is obtained. Again, the trans add may be converted into 
the ctt acid by the action of alkali, whilst the latter passes into the 
faydroxy-anhydride with acetyl chloride. So fsr no method has been 
devised for converting the ds and normal acid into the trans modifica- 
tioD. Thia close connexion between the three compounds is farther 
iDnstEated by the &ct that all three, when boiled with mineral acids, 
give the same laobutenylbenzene, CH3 . CH : (XC^H^H,. 



I 

CHj.C.OOjH 

I 
I 

G4H5 . CH 
CH-.C — 00 v*>^ HC.OO,H X'^ CH,.C.CO,H 

: \ ^ I J 

CH:C(OH) 4, CH3.C.OO4H ^ COjH.CH, 

CbaeidL 



Hydrofsj-Miliydride. \0>^ j -At/ IVww acid. 



A veiy similar series of experiments conducted by Thorpe and 

^ Thorpe and Wood, TVw. Ckem, Soe., 1913, 103, 1569!. 
FT. I O 
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Bland ^ on aoonitic acid has reyealed the eziatence of stable and lahik 
forms of this add, which the aathois represent by the following 
formulae: 

— CH.COjH CH.GO,H 

I II 

CH.GO^ G.OO2H 

I I 

— CH.COjH CH, . CO^H 

SUble. Labile. 

Aeonitie acid. 

In this case the labile acid is a comparatiyely stable sabetanoe^ 
which differs from the normal acid in ita meltin^point and in its 
behaTioar with acetyl chloride. Whereas pure acetyl chloride free 
from phosphorus chloride gives no anhydride with the ordinary acid, 
the labile modification is converted by both the pure and impure 
reigentb No attempt, it seems^ has been made to determine the 
nature of the bromine addition products. 



ThMHcy of VaaatiirfttioB. This theory, which is dis- 
cussed on p. 90 in connection with Werner's theory of Yaleocjy repre- 
sents the force of affinity as emanating from the centre of a spherical 
atom and distributing itself evenly over the surface. The distribu- 
tion may, however, change according to the nature of the attached 
atoms. In methane, where the atoms linked to the central carbon 
atom are the same, the amount of valency is evenly distiibated 
among the four hydrogen atoms. In the case of a substance such as 
ethylene, the attached carbon atoms command a certain larger share 
of affinity. This larger share of affinity would appear at first 
sig^t to have the effect of binding the unsaturated carbon atoms 
more firmly than the smaUer amount demanded by the saturated 
atoms. The explanation of this apparent paradox is givoa on 
p. 8d. The phenomenon of geometrical isomerism as explained by 
Werner's theory has been discussed at length in Part II, p. Soft. 
There only remains the application of the theory to ring structures^ 
and it must be confessed that this is its weakest point. Werner's 
theory affords no satisfactory explanation of the peculiar stability of 
five- and six-atom rings; on the contrary, the very reverse effect 
would be anticipated, that is to say, the carbon atoms whoi most 
closely in contact, and whose affinities would therefore be most 
completely neutralised, should offer the greatest stability, and this 
would necessarily exist in the smaller and not the larger lin^ 
formations. 

^ IVims. Obaa. Soc^ 1912, 101, 149a 
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of tkm Cma^am, TfcWMhii An attempt lua been made 
to rirfitiliiih the eqpul Taloe of the four carbon Takncies by a method 
vhiflh ecmsiats in lepbwing sn cccaai Yely the different hydrogen atoms 
cf msEdi gas by the same element or gioop and comparing the 
prodoets in each case on the assumptioii thai during interchange of 
canatituentB no migraticm occurs, Henry' s o ee oo ded in eonTerting 
■Mthyl iodide into methyl cyanide by four different methods, and in 
a manner thai a diflfennt atom of hydrogen in the original 
iponnd wasrqJaced. 
Hie following scheme, whidi need not be described in deiaily will 
indicate the nature of the process: 

CHJ-^ CHjCN 

i 
CHs.ODOH-^GH^a.OOOH-^ 

CH/^.000H-» CH3CN 

4 

CH^COOH), -» CHCl(GOOH), -» GH^a . OOOH -» CH^CN 

4 

CCINa(GOOH), -♦ 0C1(000H)3 -♦ 

CH^aCOOH -♦ CHaCN 

EqniTidenee determined in this way does not necessarily imply 
that each of the residiial hydrogen atoms retains its original valae 
after sobstitatum has taken place, that is, keeps its original properties. 
In an probability quite the contrary is the case and, according 
to the nature of the substituent, the remaining hydrogen atom <Hr 
fltcans beccme more or less mobile, or, to put it broadly, every new 
sufastitnent dumges the character of the molecule. 

TfcsM'iBS of ▼alsacy. We will conclude this account of the 
ralen^ of carbon by a brief summary of the more common theories 
of valency. 

The recognition of different degrees of affinity in the formation of 
c o mp o u nds of definite composition runs through the whole history 
of modem chemistry. It appeals in Berzelins* electrochemical theory 
i^ifdled to compounds of the first, second, and third order, when, for 
examine, a metal combines with an oxide, a basic with an acid 
oxide, and, finally, when two metallic salts unite to form alums and 
other double salts (see p. 6), and it is dearly brought out in 
the principal and auxiliary valencies of Werner (p. 90). in the 
normal and contra-valencies of Abegg and Bodliknder (p. 58), and in 



1887. 104, llOS ; Zeit pAyfO: Ckmt^ 1S8S. 2. 6SS ; BuX Mad ytjy. 
19(i6;3},lS, 644; IS.SSS; see Also £. Fiaeher aiid Bneger, Ber., 1915^40, 1517. 
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the partial and residual yaleneies of other writers. The designatioii 
of unit of valency by a bond has, moreoyer, proved so serviceable in 
organic chemistry as to become an almost indispensable system 
in expressing the structure of compounds. If it is once admitted 
that valency may vary in strength as well as in number, the way is 
open for the creation of a variety of kinds of linkage. Recent years 
have witnessed the introduction of centric and zigzag bonds and 
dotted or partial valencies to denote affinities of a special kind. These 
symbols, it is true, are only used to interpret certain phenomena ; 
but they tacitly imply a difference in the nature of the force of 
affinity for which there appears to be no sufficient justification. 

The theories of valency may for convenience be divided into those 
which are associated with certain physical properties, those which 
serve to explain the character of the phenomenon, and those, mainly 
electrochemital, which attempt to define the cause. 

Ywlmicj aad Phyieal g goper l i ea, MendeleeffandLotharMey» 
showed that valency and physical as well as chemical properties 
were periodic functions of the atomic weight of the elements. The 
relation of valency to atomic volume in compounds has been further 
developed by Barlow and Pope, Le Bas and Richaids» whilst Traube 
has attempted to establish its connection with refiractivity. Bariow 
and Pope ^ suppose that each atom occupies a certain space or 'sphere 
of influence'. These units form aggregates which constitute the 
chemical molecule, and in a solid the crystal form is determined by 
the closest possible packing of the aggregate spheres. The und^ar- 
lying principle of the theory is that the volumes of these spheres are 
determined by and proportional to the fundamental valencies of the 
atoms, and may be called the valency volumes. Thus, atoms of equal 
valency volume may replace one another without changing the 
predominant character of the crystal form, although variations in 
the ratio of the axes may occur. 

A similar theory has been propounded by Le Bas,' who has shown 
that the molecular volume at the melting-point of a series of pM^ffin^ 
divided by the total valency of the atoms gives a mean value of 2-97. 
This represents the unit valency volume. Now the difference in 
valency value between each member of the series is 6, that is, the 
valency value of CH2, and consequently the valency volume is 
6 X 2*97 = 17-82. whereas the mean difference in molecular volume 
actually observed is 17-83 and is, therefore, in complete accord with 
the theoretical value. The fundamental idea is not new. SimiUr 

* Trcans. Chem, Soc., 190(5, 88, 1675. 

* Tnma, Chem, Soc., 1907, 91, 112 ; see alao IWt II, p. 6. 
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liewB were adTanoed by Kopp from obeervaiioiis on the atomic and 
moleenlar volumes, and also by Schroeder, who introduced the idea 
of unit atomic Tolome or stere. Tranbe^ has also pointed out 
thai the atomic refractiYities for the H« line for C, N, O, and H is iz.. 
the ratio of 4 : 3 : 2 : 1. If the unit Talency value is 0-787, then the 
moleenlar refraetiyity should be this number multiplied by the 
number of valencies. Normal pentane with 32 valency units has a 
M. = 25-32, equal to that of valeric aldehyde M. = 25-31 with the 
same number of valency units. 

Bichards* regards the atoms as mutually compressing one another 
either by force of attraction or by cohesion, and has determined the 
diminution of volume which liquids and solids undergo by com- 
pression. On the assumption that in both physical states the atoms 
are dosely packed, he attributes the amount of the compression to 
the diminution of space occupied by the atoms themselves, and not 
to that of the intervening spaces. There are, consequently, two 
forces which determine this compression, namely, cohesion and 
attraction, and he explains in this way the tetrahedral form of the 
asymmetric carbon atom by the unequal compression produced by 
the four different groups on the surface of the atom. 

' T^^*^^* of ▼alCBcy (WesiMr's ThMHey"). Wemer^s theory of 
valency possesses the attribute of simplicity. According to this 
view, which is based upon that of Claus,* valency is a property 
of attraction which emanates from the centre of an atom and is 
eveiily distributed over the surface. The shape of the atom is of no 
nu»nent as it is in constant motion, but it may be regarded as 
i^^ezicaL In the union of an atom with the maximum number of 
other atoms, the latter will distribute themselves so as to produce 
the greatest neutralisation of their reciprocal affinities and the 
mtAce attraction will divide itself among the atoms according to 
their nature. The most stable arrangement will be that in which 
the largest surface of the central sphere is covered without over- 
lappings This is taken to explain the difference in maximum valency 
manifested by sulphur and phosphorus in their union with the 
hak^ensy the lighter halogen atoms being present in largest number. 

SPe SCI4 SBr, 
PCI5 PI, 
It aceonntB also for the existence of triphenylmethyl, but not of 

> Btr.^ 1907, so, 7S8L * Trans. Oban. Soe^ 1911, 90, 1201. 

* Vtmm jlJiKtainmsm «•/ 40R OeUffe dm oj ioty awi tdtew CftaiiM, by A. Weni«& 
View^ Branswiek. 1909. 
« At., 1881, 14, 432. 
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CH,, for in the former the heavier group, like the heavier halogen, 
appropriates more valency. If all the four atoms attached to carbon 
are similar, as in methane, they will monopolize an equal amount of 
surface-attraction and arrange themselves in the form of a regular 
tetrahedron. If some of the atoms are different the distribution of 
affinity will be irregular, and if all four are different an asynmietrical 
tetrahedral grouping will result. 

Werner applies his theory to the union of two carbon atoms in 
the following manner. The full force of affinity will only be exerted 
at the points of contact of the two carbon atoms, and at every other 
point on the hemispheies the strength of afi^nity will be the resultant 
of the force emanating from the centre and parallel to the lino 
joining the centres of the two spheres. In Fig. 2 the force of affinity 
at the point where the dotted line meets the circumference of the 




Fie. 2. 

sphere may be resolved into the two forces a and h, of which only a 
will be active in binding the two carbon atoms. 

The force gradually falls away as the distance between the surfaces 
increases, thus leaving an amount of free affinity which has been 
estimated at less than one-half and more than one-third of the total 
affinity required for binding the other atoms. 

The case of unsaturated carbon has already been dealt with (pp. 59, 
65), and in this case the amount of free affinity is calculated as nearly 
equivalent to that which is bound. By a similar dlBposition of two 
spheres Werner represents trebly-linked carbon in the acetylene 
series ; but as only one other atom is attached to each sphere the 
amount of affinity left for binding the two carbon atoms is greater 
than that used for either a singly- or doubly-linked system. It thus 
appears as if more affinity were employed in joining unsaturated 
carbon atoms than those in which there is a single linkage. To 
explain this apparent paradox Werner draws a distinction between 
stability and reactivity. This reactivity is determined by the amooDt 
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of the component 5, Fig. 2j which is laiger in ethylene and acety- 
lene than in ethane deriTativeSy' and serves to attach other atoms^ 
thus rendering the unsaturated compound more sensitive to chemical 
action. On the haais of this general conception Werner has elaborated 
a theory which explains among other things those complex stnic- 
tares commonly known as molecular compounds^ As the application 
of these principles is mainly concerned with inorganic compounds 
we hare giyen a brief sunmiary of the latter on p. 90. 

The idea of a maximum of disposable affinity which may be 
diffefently distributed according to the nature of the unibn has 
been utilized by Fltirscheim * to explain certain apparent anomalous 
affinity constants among the organic acids and bases. The theory 
has been embodied in the following proposition : ' The strength of 
a chemical bond is a function of the disposable amount of chemical 
Ibree in atoms and also of the polar nature of that force.' It is 
foond, for example, that the unsaturated aliphatic acids have the 
following values for K : 





K 




K 


Yalerie aeid 


0-00166 


n. Hezoie add 


a.ooi4s 


afi Pentoie „ 


0.00148 


afi Hexenie „ 


04)0189 


^ >i n 


0.00886 


^ »f >f 


0-00264 


T* >» >» 


0-00209 


7* » If 


0-00174 






*• f> »» 


0.00191 



It is not obvious why the py aeid in the above series should have 
the highest value or why the second and fourth member in the 
second series should be higher than the first and third ; but if the 
distribution of affinity, as determined by electrochemical relations^ 
is taken into account, the reason is plain. For according to 
FlQrscheim the strength of the acid is determined by its affinity 
constant or the mobility of the hydrogen atom or, in other words, 
by the weakness of its attachment or that of the electron (see p. 96) 
to the otxygen of the carboxyl group. The double bond does not 
utilize the full measure of two whole valencies of the atoms involved, 
which are consequently able to part vrith an extra share to the 
adjoining atoms. If the distribution ib represented by thin and 
thick lines the formulae will take the following form : 



[— CX 



oiS B. CH :CH— (X weaker acid 



/Jy B . CH : CH— CHj— C^^ stronger acid 

> Ar., 1906, 98, 1S7& « Trana, OheM. Sbc, 1909, 85, 718. 
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yS B.CHrCH— CH,— CH,— C<; weaker acid 

M)— H 

«€ B . CH : CH— CH,— CH,— CH,— C^^ stronger mead 

The same idea may serve to explain why the meta-, chloro-, and 
bromo-benzoic acids hare a higher afi&nity constant than the pant 
compounds. 

K » 001^ K ::= 0*0098 

Similarly tetraethylammoniom hydroxide is a stronger base than 
triethylstannic hydroxide, for the affinity between the electronegatiTe 
nitrogen and the electropoaitiye alkyl groups is stronger than that of 
tin. Hence ionisation takes place more readily in the former case. 




y^«^6 yCjH 

HO-N<^^* HO— Sn;^^5 

N^X \C.H5 

TsehitBchibabin ^ shares the general ideas of Werner and Flikt- 



scheim, and like them discards the theory of multiple bonds. He 
distinguishes between valency or maximum combining capacity and 
atomicity or actual binding capacity (Bindefidiigkeit), which may be 
anything less than the maximum, and being graduated cannot have 
a definite yalue nor be indicated by bonds. In unsaturated com- 
pounds, such as ethylene, carbon is triatomic, in acetylene and 
carbon monoxide it is monatomic The more atoms the original 
atom can attach, the more saturated it is, the yarious de g g coo of 
unsaturation depending partly upon the degree of unsaturation 
of the attached atoms, partly on the mass of the attached radicals, 
and partly on the opposite electrochemical character of the two. 

That the degree of unsaturation yaries is shown by the varying 
value of the heat of combustion of the unsaturated carbon in ethylene 
compounds* and their very different affinity for bromine, &c., as 
shown by Bauer (see p. 116).' Triatomic carbon in ethylene by 
being joined to triatomic carbon would be more saturated than 
methyl ; in the same way triatomic carbon is more saturated by 

3 J. pnkL Oum., 1912, 86, 881. 

s SwieotosUwBky, ZeiL pkifBik, Ocm., 1909, 66, 5ia 

s Bauer, J. prokL Ckam., 1905, 72, 806. 
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joined to two triatomic groups than to one. In butadiene the carbon 
atoms 2 and 3 are more saturated than 1 and 4. 

12 8 4 

CHj—— CH — CH— -CH J 

In diphenylbutadiene the atoms 1, 4 being attached to heavier 
imdieals are more saturated than 1 and 4 in butadiene, and so forth. 
On this principle a number of interesting fiiusts are exphuned, such as 
Thiele's rule (see p. 133) and the existence of triphenylmethyl, the 
stability of which is ascribed to saturation produced by the attach- 
ment of the central carbon to three heavy radicals by the three 
triatomic carbon atoms of the benzene nudeL 

The theory also accounts for the saturated character of benzene, 
since the system consistB of triatomic carbon atoms which produce 
a hi^ degree of mutual saturation. It explains also the unsaturated 
nature of tetrahydrobenzene and also the greater unsaturation of the 
or 218 compared with the p and central carbon atoms in naphthalene, 
and conseq[uent greater reactivity of the former, for the two central 
carbon atoms are each joined to three triatomic carbon atoms, whilst 
the fi carbon atoms are joined to two. The ot carbon atoms, on the 
other hand, are linked to one ordinary triatomic carbon and to one 
central carbon atom, which, being highly saturated, cannot greatly 
increase the saturation of the ot carbon, which is the least saturated 
of the three. The theory also serves to explain the rules of substitu- 
tion in aromatic compounds, and is referred to on p. 149. 

But it takes little account of stereoisomerism, the essence of which 
lies in the definite geometrical relations of the attached atoms or 
groups round the central carbon atom, or atoms, for which, if for no 
other purpose, the mechanical device of bonds has proved so fertile, 
nor of the nature of ring structure, which, as already stated, requires 
a definite disposition of the carbon valencie& 

Wunderlich,' whose views bear an outward resemblance to those of 
van 't HofiE^ represents the carbon atom as a tetrahedron circumscribed 
round a sphere ; but the points of attraction are conceived as con- 
centrated at the centres of the four faces, so that a singly linked atom 
will be attached to the face and not to the comer of a tetrahedron. 
In this way the stability of the single bond will correspond to its 
geometrical form. 

In unsaturated compounds the carbons are represented, as in van 't 
HofTs arrangement, by the edges of two tetrahedra, but in conse- 
quence of the points of attraction being situated at the centre of the 
tetrahedial laces, the forces joining the two carbon atoms a o^ (Fig. 3) 

^ KoaJlnwatUm aryamteksr MokkuU, Wonburg, 188S. 
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will be the resultant of the two pairs of forces he and ^i^, leaving 
a residue of affinity de and diCi, which may correspond to Thiele's 
partial valencies (see p. 188). 

A similar view has been adopted by Knoevenagel, and has already 
been referred to (p. 77). 

W«nior's ThMHcy of Valency ^ (Molecular compounds). As we 
have seen in a previous section (p. 82), Werner regards the valency 
of each atom as distributing itself according to its spatial arrange- 
ments and its degree of affinity towards contiguous atoms. Compounds 
are thus formed of the first ordety which do not necessarily exhaust 
the amount of affinity at the disposal of the 
atoms in question. This residual valency can 
attach other atoms, and so form compounds of 
the second order. In developing this conception 
Werner has introduced the terms principal and 
auxiliary valencies to denote the above two 
kinds of attachment The principal valencies 
correspond to our ordinary valencies and bind 
together atoms or groups whose saturation 
capacity may be measured in tenns of hydrogen 
atoms. Such principal valencies are present in Fi a. 

—CI, — Na, — NOj, — CH3, &c. 

The auxiliary valencies^ v^ich are expressed by dotted in place of 
Ftraight lines, represent residual affinities and link together radicals 
which can function as separate molecules. Such, for example, are : 

0H„ NH3, CIK, CrClj, &c 

« 

The two kinds of valencies are differentiated by their energy content, 
the principal valencies having a greater affinity than the auxiliary. 
The difference is, however, one of degree and determined by the 
degree of saturation of the other valencies. There is, in short, no 
definite line of demarcation between the two, but they merge and, 
under certain conditions, pass into one another, the auxiliary becoming 
principal and the principal auxiliary valencies. 

For example, the metal and oxygen in the oxides of the alkalis 
and alkaline earths are imited by principal valencies and form stable 
oxides, but nevertheless combine by their auxiliary valencies with 
water or alcohol, forming well-defined and stable hydrates and 
alcoholates, in which the OH and OR groups are linked by principal 
valencies. 

1 Hguert Afuchauungen auf dan Qebiete der anorganixhen ChemU, by A. Werner. 
Yieweg, Bnm&wick, 1909. 
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/OH 
BaO • + HjO -♦ BaO- -HjO -♦ Ba< 

M)H 

In tbe flame way ammoniam chloride is formed by union of the 
auxiliary Talencies of anunonia and hydrogen chloride. 

H\ 
dH— + — NH, -♦ cm NHj 



(><:)<^ 



The formation of methylammoniom iodide is produced in a similar 
Cnhion. 

CH3I + NH3 ^ CH3I NH3 ^ (NH;,CH3)I 

The position of the halogen outside the bracket is intended to 
indicate a difference in its attachment and to show that it is ionised 
in solution, as explained below. 

The sulphides of arsenic, antimony, &c., combine by their auxiliary 
▼alencies with alkaline sulphides, forming sulpho^alts of considerable 
stability; and platinum, palladium, and gold chloride form well- 
characterized salts with alkaline chlorides. Some compounds, indeed, 
increase in stability by saturation of their auxiliary yalencies. 
Ferric anhydride is stable in the ferrates ; certain persalts are stable, 
containing oxides which cannot be isolated ; manganese tri- and 
tetra-chloride are not obtainable in the free state, but readily form 
double chlorides and so forth. 

From some of the above examples it will be seen that the number 
of principal valencies is not a fixed quantity, but depends on the 
nature of the attached atoms. With the chaoge in number there is 
a change in strength, and a consequent variation in the strength of 
the valency. There is, however, a maximum number of principal as 
well as of auxiliary valencies.* Werner admits that the distinction 
between tbe two kinds is of a somewhat vague and iadeterrainate 
character, and is maintained 'because it seems necessary in the 
present transitional state of our views on valency to mark out well- 
defined areas on which a more comprehensive theory may afterwards 
be erected \ 

Before, however, concluding this account of the nature of principal 
and auxiliary valencies it should be pointed out that among the 
characteristics of radicals united by principal valencies is their power 
of functioning as independent ions, whereas those combined by 
auxiliary valencies lack this property. The difference may be illus- 
trated in the case of copper glycocoU, 
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CHg.NH, 

I 
COO. Cu 

in whieh the copper forms an inner complex salt by means of its 
auxiliacy yalency so that in solution it does not undexgo ionisation, 
whereas the same metal attached by a principal valency (as in copp^ 
acetate) is electrolytically dissociated. According to the electronic 
theory the atoms bound by principal valencies are characterized 
by the mobility of their electrons^ a feature which is absent in thoee 
radicals which are attached by auxiliary valencies. Werner does not, 
however, regard the two characteristics of principal valency attach- 
ment and electrochemical behaviour as necessarily interwoven, but 
only in so far correlated that the saturation of the affinity simul- 
taneously loosens the electron from the positive atom and so allows 
it to transfer itself to the negative component of the salt. But the 
saturation of a principal valency is not always sufficient to produce 
this effect, and in many cases the saturation of auxiliary valencies is 
required. 

The element of a group which is separated by ionisation from the 
rest of the molecule is usually denoted by placing it outside a bracket. 

YmL&nej iMommrunaau The distinction between principal and 
auxiliary valencies has been made the basis of a theory of valency 
isomerism^ of which the following may serve as an illustration. Two 
isomeric methyl sulphites have long been known, both of which are 
principal valency compounds : 

yOCHj yOHs 

0S< O^ 

\0CH, ^OCH, 

Recently R Briner has obtained an isomeric compound in which the 
two parts of the compound are represented as linked by auxiliary 
valencies. 

O^ 0< 

MJH3 

Without discussing at greater length Werner's views, which ar« 
mainly concerned with the constitution of inorganic compounds, we 
will conclude by referring briefly to the more successful application 
of his theory having reference to the structure of the metalammine 
compounds The metal in these compounds is represented as 
directly linked to four or more, commonly to six, atoms or groups 
(NH3, NO2, HgO, CI, &c). This number is called the aHffdmate 
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V mad is a fdndjonenUl property of the atom. The elements 
graaps which sie diteetly sttsehed to it, either by pzincipal or 
▼mlencies, ooeopy what has been termed the first gome and 
nndergo ionisation. 



do not 



a 
>ptC 

cr I NH, 

ci 



NOj 
N0,\ I /NH, 

no/ I 'NH, 
NO, 



4^.. 



AH those eompoonds in which the niaximnm co-ordinate nomber 
is reached are cslled co-ordinately saturated. In most cases the 
eo-ovdinate number is 6, bat in some cases, as, for example, that of 
carbon, the co-ordinate nomber is equal to the number of principal 
malencies, namely 4, and this is tme of the other elements in the 
same periodic gronp. The neighbouring more positive element 
bocon and more negative nitrogen, with three principal valencies, 

have also a maximnm co-ordinate num- 
ber, 4, and form compounds HF...BF3 
and XH...NH3. 

At an early stage in the investigation 
of these compounds it was discovered 
that substances of the above fonnulae, 
as well as many others with dissimilar 
radicals^ existed in isomeric forms. In 
order to explain this kind of isomerism 
Werner had recourse to a space formula 
in which the metal occupied the centre 
of an octahedron and the atoms or groups 
the six solid angles. By this device, that is, by a different space 
distribation of the six groups, isomerism can be readily explained. 
Four of the groups will lie in one plane and the others in a plane 
at rig^t angles. The isomerism of the two platinum compounds will 
appear as follows : 

JOT, 




a 



7 U y ° 

^ 1— ^ 




ffSs 



In additioo to this first zone of non-ionisable groups, there exists a 
second or ionisable zone. For example^ the following series of cobalt- 
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amminM are known, in which X stands foran acid radical (GI,NOt,&e.). 



C0X3 + 8NH3 G0X3+4NH3 GoXj-fSNH, GoX,-i-6NHs 

In the second, third, and fourth compoonds of this Beries the sab- 
sianoee are ionised, and it has been shown that the number of ionisable 
acid radicals is respectively one, two, and three. This is indicated 
by placing the latter in a second zone outside the bracket, thus: 

Co(NH3)Jx, 



Co 



X, 1 



(NH3) 



J 



[Co 
(NH,l 




[co Ix, I 

L (NH3)J L 



The outer zone is not restricted to radicals ; for with an acynnnilation 
of acid radicals in the inner zone^ the outer zone may be occupied by 
metallic atoms, forming ionisable salts. Examples of this type are 
potassium chloroplatinate, potassium cobaltinitrLte, and potasaioni 
ferro- and ferricyanides. 

[Fe(CN),lK, 



[PtCl,]K, 

Potassium 
chloropUtinate. 



[Co(NOJs]K3 

Potassium 
oobaltinitritfl. 



[F€<C1T),]K, 

Potassium 
ferrocyanide. 



iiuni 
ferricyanide 



Briggs^ has made the interesting obseryation that space isomerism 
may also be produced by members of the outer zone, and has prepared 
a second modification of a series of metallic ferrocyanides. Locke 
and Edwards ' haye also prepared isomeric ferricyanides. The 
existence of these isomers is explained by a different distribution of 
the metallic atoms among the acid radicals after the manner of the 
isomeric groupings in the first zone. 






CN 



ZIEZ 



CN:S 



Of-K 



Kor 



LZ 



cy K 



^l7 

— XS K 



cjr-A 



CY 



cr/ 



A further remarkable discoyery of isomerism among this class of 
substances has recentiy been made by Werner/ who has succeeded 
in resolying asymmetric compounds into their optically acttye com* 
ponents. Werner found at an early stage in his researches thai 

1 Trans. Chem. Soc, 1911, 90, 1019. 

s Amer. Chem. J., 1898, 21, 198. 

s Bcr., 1911, 44, 1887, 2445, SIS2, 8272. 
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HH} eoold be sabotitiited by ether bases or org;anic amines, snch as 

pyiidiiie aod etiiyleiie diamine (NH^CH, . CH^I NH,), the latter 

tiking the plaee of two molecules of ammonia. The formula for 

elh jlene diamine may be abbreviated by using the symbol an. A 

ipoond of the formula 

en^"] 
C0NH3 CI, 

caj 

contains an asymmetric inner z<»ie and may tbeiefore eodst in 
cnantioinoffphoQs IbrmSb 



[' 



Hie in actif^s pieparation has been lesolyed by ftiactional ciystallisation 
of the li^bromoeamphor sulphonates and then eouTerting them into 
bromides (see Part II, pu 304). The enantiomorphous bromides showed 
a rotation of [«] = ± 46^, and mmilar results were obtained with 
other deriTatiTes of cobalt, as well as with asymmetric chromium 
eompoonds. 

Werner's coH>rdination theory is opposed by Friend ^ on the ground 
tiiat the ionized atoms are so vaguely disposed as to have no definite 
plaee or definite valency in the compound, whilst the metallic atom 
has a valency (of six in the case of cobalt) which is contradicted in 
most of its simpler compounds. Furthermore, the negative atoms or 
groopB directly attached to the metallic atom are 8u^)osed to lose 
their property of ionization, a fact which again is contrary to ex- 
perience^ at least in the simpler compounds. To overcome these 
difficulties Friend has had recourse to the common valency values of 
the aicMns, and regards cobalt and platinum in the metalammines as 
being directly united to the negative atoms, whilst the ammonia groups 
float in a ring or sheU composed of linked nitrogen or other non- 
ionized atoms round the central metallic atom. Thus cobalt hexam- 
mine trichloride and cobalt chloropentammine dichloride are repre- 
sented thns: 



IVaHS. Cham. Soc, 1916, 109, 715. 
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[Co(NH3)e]a3 [Co(NH3)5Cl]Cl, 

The isomeric a* and ^ferrocyanideB of Briggs and the a- and )9-fem- 
cyanides of Locke and Edwards, referred to on p. 94, are explained 
by supposing the central iron atom to be united in the ortho, meta, 
and para positions to the nitrogen atoms of the six cyanogen 
groups of the ring. There would thus be three isomers, but as the 
ortho compound is assumed to represent the double salts 4 KCN, 
Fe(CN)2 and 3 KCN, FeCCN)^, the meta and para arrangement are 
reserved for the a- and ^S-isomers. 

There are undoubtedly difficulties connected with this theory, and 
Friend's views have not passed unchallenged.* The floating ring is 
not less vague than Wemer*s ionized groups^ the optically active 
metalammine compounds remain unexplained, and the ring chlorine 
atom in the second of the above formulae is furnished with the 
unusual valency of three. 



Slaetroehemieal Theozias of Talancy- The application of elec- 
tricity to the explanation of affinity and later of valency originated 
in the first instance in the process of electrolysis, which gave birth 
to the electrochemical theories of Davy and Berzelius (p. 6)l 
Those views have in recent years taken a more concrete and quanti- 
tative form by the discovery of two correlated phenomena, the first 
being, that the amount of electricity carried by the ion on electro- 
lysis is constant for each unit of valency, and the second, that it is 
precisely this amount which in the form of the cathode ray Is con- 
veyed by the negative corpuscle or electron. The electron may 
therefore be regarded as the unit of negative electricity, the mass of 
which has been estimated at about x^nj ^^ ^^^ ^^ ^® hydrogen 
atom. The results of electrolysis led Helmholtz,' as far back as 
1881, to connect unit electrical charge with unit of valency, a view 
which he expounded in his celebrated Faraday lecture in the follow- 



1 Tarner, Tratu. Chem. SoCj 1916, 109, 1180. 
s TnmM. Chem. Soc, 1881, 30, 302. 
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winds : 'If we eondude from the fiusis that every unit of affinity 
iBckaiged with ooe eq[aiYBlait either of poailive or negatiTe eleetrieity; 
tivj can £onn eompoiinds, heing electrically neutral, only if eyery 
mii char ged pontiTeiy unites nnder the influence of a mighty 
tihutik attiactioQ with another unit charged negatively. You see 
that this oog^ to fHoduoe compounds in which eyery unit of affinity 
of erery at<Mn is connected with one and only one other unit of 
anotim* atcMn. This^ as you will see immediately, is the modem 
cfapmical theory of quantivalence^ comprising all the saturated com- 
pnundB Hie fact that even elementary suhstances with few ezoep- 
hsre molecules eompoaed of two atoms makes it probable that 
in these eases eJeetrie neutraUsation is produced by the com- 
bioaiioa ci two atoms, each chaiged with its full electric equiTslant, 
not by nentolisation of eyery single unit of affinity.' 



Theocy of Talonej. Sir J. J. Thomson's dis- 
eawerj oi the electron and Butherford's interpretation of the break up 
of the radJoactiYe elements has thrown a new li^t on the structure 
of the atom and many of its chemical and ^ysical properties. From 
ofasoratioiis on the small proportion of a-partides which are 
deflected in their passage through matter, Rutherford concludes 
that ^n%£mt the whole mass of the atom is concentrated on a positiyely 
c liai g ed naeleiis which is of minute dimensions compared with that 
oeaqned by the atom.^ This nucleus, which is also associated with 
n c gati r ci ^ chaiged electrons, is further surrounded by outer rings of 
tlnliuiiH The magnitude of the poeitiYe charge in excess of the 
iMglstiYe chaige of the electrons attached to the central nucleus is 
ptofaably r^nesoited by the atomic numbefy^ which, with the excep- 
tion €ii hydrogOD, is about half the atomic weight.' 

The number of negatiye electrons which neutralize the excess 
diaige €ii the positiTe nucleus is, therefore, proportional to the atomic 
weig^ On the basis of this conception of the atom and by the ud 
of the quantum i»inciple, Bohr* has succeeded in accounting for the 
line spectra of both hydrogen and helium. Hydrogen, it 
contains one positive charge and one detachable electron. 
In liie diaJntegmtion of the radioactiYe atom, which is accompanied 

> PkSL Mmg., 1911, 21, 669; 1914, 37, 323, 488. 

1 Van dfln Broek, JToterv, 1913, 03, 873, 476. 

* The atomie munber ic p re a en ti the namerieml order of the elementi as deter- 
amod liy the diancteiistie lines of the X-rmy ^eetnun. This speetram i» 
ohiaiaed \rj photographing the X-rays given by the element when bombarded 
by tfe caUiode stnam in an X-ray bulb, and has been aeeontely mapped by 
Moaalsy (Afl. Mmg^ 1918, 26, 1024) for thirty elementsi 

« PUL ma§^ 1911^ 26^ 1, 476; 1914, 27, 606. 

FT. I H 
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by the expulsion of a-partides (helium atoms) or /d-partides (electronsX 
or both , it 13 probable that the latter emanate from the central nudeua^ 
which will, therefore, consist of helium atoms and attached electrona. 
Thus, the loss of one a-particle means the loss of two positiifB charges 
or two places in the atomic nnmber. 

Thiommm'm Shaory. Thomson describes the structure of the 
atom as follows * : * We find that in a symmetrical atom only a limited 
number of such electrons can be in equilibrium when arranged on a 
single spherical sur&ce concentric with the atouL The actual 
number which can be arranged in this way depends on the distribu- 
tion of positive electricity in the inside of the atom. When the 
number of electrons exceeds this critical number, the electrons break 
up into two or more groups arranged in a series of concentric shells. 
This leads us to the yiew that the electrons in an atom are divided 
up into a series of spherical layers, like the coatings of an onion, 
separated from each other by finite distances, the number of such 
layers depending upon the number of electrons in the atom and thus 
upon its atomic weight. The electrons in the outside layer will be 
held in their places less firmly than those in the inner layers ; they are 
more mobile^ and will arrange themsdYes more easily under the 
forces exerted upon them by other atoma' The existence of these 
layers has been proved by subjecting the elememts to bombardment 
by cathode ray& Under this treatment each dement gives out a 
special kind of ROntgen ray.' The speed of the dowest cathode 
partide which could exdte these rays is proportiond to the atomie 
weighty and the frequency is proportiond to the square of the atomic 
number, which is roughly that of the atomic weight.' These rays aie 
assumed to arise from similar parts^ that is^ from ihe innermoet ring 
of dectrona 

On the other hand the forces which one atom exerts on another 
will depend mainly on the outer belt of the more mobile deetroDs. 
Thus, the increase of number in the inner rings renders the outer 
ring more or less stable : in other words, the outer ring may tend to 
loee or gain electrons, thus converting the atom into an electro- 
podtive or dectronegative dement, and the number of deetrons 
which it tends to gain or lose will determine the vdency. If these 
properties are recurrent after the addition of a certain number of 
deetrons, the atoms will exhibit periodic changes in conformity with 

> Sl^^** '*'^* **y ^ ^- ^' Thomson, CUurendon Pken, 1M4. 
. Whiddmgton, Bnoc Comb. FhOa, Soe- 1910. 
• Moaeley, AO. Mag^ 1918, 26, 1024. 
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the periodic law. Thus, the number of mobile electrons in group O 

is nil, that of the alkali metals is one, and so forth. When the 

number reaches eight the ring becomes stable and the electrons no 

longer mobile. The outer belt of electrons is also responsible for 

certain optical properties, such as refractivity and dispersive power, 

and saeh physical phenomena as surface tension, cohesion, intrinsic 

pressure, viscosity, ionizing power, in fiact, by far the most important 

properties of the atom. 

Thomson^ regards valency as a tube of force emanating from a 

valency electron and either ending on the positive charge within the 

atom, when they retain their mobility, or on that of another atom, 

when they become fixed. When all are fixed in this way, the atom 

18 saturated. It follows, therefore, that in a molecule, say of hydrogen, 

for every tube of force sent out from the electron of one atom the 

latter must be the recipient of a second tube of force sent out from 

the second atom. Thus, the atom of hydrogen must be divalent and 

possess one positive and one negative valency which Thomson 

represents by arrows : 

H ^ H 

Farther, chemical compounds are divided into two classes, those 
which have undergone intramolecular ionufatiofij that is, have lost or 
gained electrons in the process, or ionic moUculeSf and those which 
have not. 

Thomson's views have given rise to various interpretations of the 
electronic theory of valency. 

Bamsay,' like Stark, assumes that the electron is the binding force 
between the atoms in a molecule. He regards eight as the total 
number of electrons that an atom can hold. Thus, in ammonia the 
nitrc^n atom which already possesses five electrons receives three 
from the hydrogen atoms, making a total of eight. No additional 
electrons can now be added unless one is removed, so that the ninth 
valency in ammonium chloride is n^^ative. This view of Ramsay's 
on the concurrent addition and removal of an electron finds ex- 
pression in Friend's residual, or latent vaJ^ncieSj* the neutral affinities 
of Spiegel,^ and the etectrioal double valencies of Arrhenius.^ They 
serve, among other things^ to bind the atoms in the molecule of an 
element or two electropositive elements such as potassium hydride, 
whilst the ordinary valencies are utilized for linking electropositive 
and negative atoms.* 

s PML Mag., 1914, 27, 767. * Tram. Chm. 8oe., 1908, 98, 77& 

* Trmu. Chgm. Boe,, 1906, 98, 960. * ZeU, amrg, Ckem,, 1902, 28, 866. 

* ThMim dtr Chemis^ Leipzig, 1906). 

* The electronic theory of valency is responsible for a number of highly sag* 
gestire intjfarpretationB of mch processes as the afflnity constants of organic 

H 2 
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Stark's Theory.^ According to Stark there are two kinds of 
electrons, fixed and movable. The fixed electrons are disposed 
within the positively charged sphere constituting the atom, tiie 
movable electrons lie outside the atom and at some little distance 
£rom it and are attached to it by lines of force. The movable electrons 
have been termed valency electrons. It is by means of these electrons 
that combination is effected between similar atoms to form molecules 
and between dissimilar atoms to form compounds. Lines of force 
pass out from the electrons to other atoms with a loss of potential 
energy. According to the number of these lines, attachment Is 
weaker or stronger. Thus, atoms do not combine directly, but in- 
directly by virtue of their mutual attraction to the electron. A single 
bond will correspond to a union by means of one electron, a double 
bond by that of two electrons, a treble bond by three, and a free 
bond Will be represented by an unattached electron. The existence 
of stereoisomerism is readily explained on the assumption that the 
lines of force of the valency electrons are confined to definite aieas 
on the atom. What is the number and distribution of the valency 
electrons ? Whilst positive valency can be determined by the number 
of valency electrons that an atom can lose on ionisation, the negative 
valency may be derived from the fact pointed out by Abegg (see 
below) that the sum of the maximum positive and negative valendes 
of any atom is eight. Thus, carbon has a valency of — 4 in CH^ and 
+ 4 in CCI4, phosphorus of -3 in PH3 and +5 in PCI5, iodine of 
- 1 in HI and + 7 in I2O7. 

It appears, therefore, that the greatest number of valency electrons 
which an atom can hold is eight. Drude, on the other hand* 
estimates the number of valency electrons from the positive valency 
of the atom, from which it follows that the smaller the negative 
valency, the larger the number of valency electrons. 

Stark regards the difference between electropositive and negative 
elements as due to the greater or smaller positive charge on the atom. 
An electronegative atom, such as chlorine, will be one with a large 
positive charge and therefore able to retain a number of electrons, or 
attract others from electropositive stoma An electropositive element, 
such as hydrogen, will, on the other hand, have a small positive 
charge, which requires few electrons to neutralize it, and the latter 
wiU be attracted to electronegative atoms of large positive charge. 

aeidfl, snbstitation in benxene, fte., in nnmerous papers by H. S. Fry, K. O. Falk, 
and W. A. Noyes, which have appeared fiinoe 1910 in the J€urmU <^the Auterietm 
CkmKieal Qocietif^ and which being of rather special than general application, and 
to which full justice cannot be done within necessary limits of space, moat be 
left to the reader for reference. 
^ PrinMii^imiiBrAJbmdiniqmik, J.Stark. Hirzel, Leipzig, 1910. 



STARK'S THEORY 101 



The reaciiTiiy of both kinds of atoms will be dae to the ease witii 
whiefa tfaey attract or repel electrons. 

An atom, such as carbon, which combines with both eleetropositiYe 
and negatiye elements, is assumed to possess four electrons, with 
wUch it is able to bind fomr equivalent electronegative atoms ; but 
as the lines of force of the electrons occupy a restricted area on the 
atom, the lines of force of four electropositiye atoms may fall on 
intermediate positively ehaiged areas. It is not, however, dear 
why the two kinds of valency should not function at the same time, 
a condition which, at least in the case of carbon, is unknown. In 
addition to the property of causing combination. Stark, like Thomson, 
hdds that the valency electrons are probably responsible for 
ionisation and the phenomenon of light absorption and other optical 
properties (see Part II, p. 70). 

Thus the form of the positive sphere, the number and position 
of the electrons, and the distribution of the lines of force determine 
the chaneter of the atom, that is, its affinity, val^icy, &c It is by 
the lines of force emanating from the valency electrons that affinity 
is manifested and atoms are bound together in a molecule. 

In unsaturated compounds it is assumed that there is a certain 
amount of residual affinity, that is, valency electrons whose lines 
of fcHnee are turned back and end on the positive spheres of the 
unsaturated atoms. Addition produces a fusion of the lines of force 
of the unsaturated atoms with those of the added atoms and conse- 
quent degradation of energy of the system. The unlocking or 
opening of these lines of force may be produced by adding energy 
to the system in various forms, heat, light, or the action of the 
8<dvent, &c.^ This change in the energy content affecting the 
electrons in the molecule is manifested by the absorption of light 
or by the associated phenomena of fluorescence, phosphorescence, 
or photochemical action, referred to in Part II, p. 130 et seq. 

Theory of J^h&gg aiftd Bodlinder.* A brief reference has already 
been made to this theory and the meaning which is attached to the 
term normal and oontra-valencies (p. 58). The normal valencies are 
the stronger and are electropositive for metals and electronegative 
for non-metals. Their strength is affected by combination, which 
£dls off as saturation proceeds. The activity of the contravalencies 
with increase in the negative character of the element and 



< Baly, Zeit /. EUktrodumU, 1911, 17, 211 : TramB. Chtm. Soe^ 1912, 101, 1469, 
I47.*iw 
> ZeiL mtntrg. Ckem.^ 1899, 20, 453; 1904, 39, 380. 
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also with its atomic weight. This explains the existence of a stable 
oxide of iodine but not of fluorine. The activity of the contra- 
yalencies among negative elements also determines the formation of 
di* and poly-atomic molecules. Being latent in the metal, they poesess 
monatomic molecules. The existence of latent contravalencies explains 
the formation of molecular compounds whose component molecules 
are similar. For when uncombined one component should contain 
an element belonging to the higher groups of the periodic system, 
and this is found to b^ the case. Compounds such as H^O, NO^, ELF, 
AICI3, &c., and oiganic hydroxy-compoonds^ oximes, and aldehydes 
enter into molecular compounds. The double fluorides and chlorides, 
water, and alcohol of crystallisation are examples. The same reasoning 
accounts for ordinary molecular compounds such as (CH3)sO . HGl, 
NHs • HCL In the latter case the formula will be represented thus : 

H+ — , rr 

but it is improbable for reasons already given (p. 58) that the fourth 
hydrogen atom is combined differently from the other three. 
Solutions where combination of solute and solvent is indicated by 
thermal and other changes are placed in the category of molecular 
compounds. These changes are most marked when substances 
contain elements of high but unsaturated valency. 

In electrolytic solutions the following equilibria may occur : 

Ion + ion ^ Undissociated molecules. 
Ion + solvent ^ Compound of ion + solvent. 
Undissociated molecules + solvent ^ Compound of the same. 

Feebly dissociating solvents are those which have no great 
tendency to combine with ions. If the tendency to ionisation is 
well developed, the affinity of the undissociated substance for the 
solvent is unimportant, as the non-ionised substance will not reach 
a high concentration compared with the ions. The case is represented 
by solutions of strong electrolytes whose solubility is determined 
by the affinity of ions for the solvent, and is therefore great in water, 
compared with the solubility in fully dissociated media. Sulphur 
dioxide, for example, is found to combine with those substances 
which undergo ionisation in the liquid. 



Briggs' has applied Abegg's theory in order 
to explain the structure of the metalammine comxK>unds. The 

A Trans, Chem. Soc., 1908, OS, 1564 ; 1917, 111, 253. 
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nulicals do not form two zones as Werner supposes, but are all 
directly attached to the metallic atom by virtue of their positive 
and negative affinities, with which each atom is provided. For 
example, the platinum atom is capable of combining with six positive 
affinities and four negative affinities. By its positive affinities it can 
attach the negative affinities of four atoms of chlorine, and by its 
negative affinities it can attach the positive affinities of six molecules 
of ammonia. Ammonia has only one available positive affinity, since 
its other positive and negative affinities are saturated by the positive 
and negative affinities of hydrogen. 

H 

it 

it 
H 

Chlorine has one positive and one negative affinity. The three 
compounds (Pt iNHsCyCli, (Pt 3NH3Cl3)Cl, and (Pt 2NH8CI5) may 
be represented by the following formulae, in which the free affinities 
are indicated by dotted arrows and the combined positive and negative 
by arrows pointing in reverse directiona 

NH, 



CI 



, ^3 NH3 NH3 

* ., i i 



NH3 — ► T>X <li CI -M-TT __ -pf ^ CI CI ^^ -p. 51?; CI 

NH3-^"5±ci ^^|It ;;:^ci ci^":^ci 



Ci 



t NH^ NH 



L IL III. 

The chlorine atoms with free affinities are those which undergo 
ionisation. Thus, in I two atoms of chlorine and in II one atom of 
ehlorine are ionised, whereas III is electrically neutraL The same 
idea has been applied to formulating EgPtCle, 

(31 #- K <- 

i 

CI :;:^ p. :^ CI 
CI ^ ^^ ^ CI 

t, 

CI ^ K ^ 

ia which the two metal atoms attached to the free affinities of the 
two chlorine atoms undergo ionisation. Briggs has also applied 
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Abegg's floIiiti<m eqnilibria, refored to above, in order to show fliat 
there will be less tendency on the part of the chlorine atoms towards 
ionisation by reason of the residual affinity of the wat» molecnles 
when attached by two kinds of affinity than by one. 

This theory has undergone a further development in the following 
way : It has been stated (p. 99) that J. J. Thomson recognizes two 
types of chemical combination producing i<mic and non-ionic mole- 
cules. Bray and Branch * and G. N. Lewis * draw a similar distinc- 
tion between polar and nom-polar compounds. In the polar compounds 
(Thomson's ionic molecules) a transfer of electrons from one atom to 
another has taken place. In the non-polar compounds electrons have 
not been transferred, and the atoms are held together by equal and 
opposite tubes of force passing from the electrons in one atom to the 
positive nucleus of the other. Moreover, all gradations between a 
completely polar and a completely non-polar molecule are to be 
expected. In addition to the dual affinity of the atoms as exhibited 
by a tendency to both gain and lose electrons, Briggs distinguishes 
between primary and secondary affinity, the latter, which is opposite 
in sign to the former, only coming into action when the piimaiy 
affinity has been saturated. In the strong electrolytes (polar com- 
pounds), such as potassium chloride, the atoms are united by primary 
affinity only, the secondary affinity (dotted arrow) being unsaturated, 
as represented by the formula : 



In the non-electrolytes (non-polar compounds), such as methane, 
the atoms are united by both primary and secondary affinity. 

H 

it 

it 
H 

Now, copper is inciqpable of direct combination with ammooia 
molecules to give compounds of the type Cuyj^NH,. Cuproos 
chloride, however, can combine with a maximum of three moleenlea 
of ammonia to give (Gu, 3Nn3)Cl,' and cupric chloride vntfa six 
molecules of ammonia (Cu, 6Nn3)Cls. That is to say, the ammonia 
molecules are united to the copper by the saturation of the fr«e 

* J. Amer. CkmL 8oc^ 1918, 3S, 1443L 
s J. Amor. Cktm. Soc, 191S, 86, 1448. 

* Lloyd, J. fftyk Ckcm., 1908, 12, 89a 
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affinity of tlie nitro gen in mmmonim •«— NH, by the neg^tire 
affinity of the eopper in the two eaUa. Bat sinee the eoppo^ aton 
eannot eomhine directly with ammonia, it eridently does 
negatire affinity. Caproos salts, howev^ , can eomhine 
with ammonia, and enprie salts with a still lazger quantity ; henee 
the eof^io- at<Mn, on losii^ an eleetron, derelc^ negatiTe affinity, 
jad with a loss of two the n^ative affinity becomes mme marked. 
It thoefflie f<Aow8 that the negatire affinity of the copper is a 
•eeoodaiy phenomenon which only appears when the primary affinity 
Las oome into action. 

In this way the vdatiYe stability of the metalammine saltan aa de- 
twiiiiwl by £[^iiaim' from the tempeiatoie required to prodoee 
a eoBstant dissociation pleasure, can be readily explained. 

ahnflar Tiewa hare been i4yplied to acids and bases. The strongest 
acids may be written : 

StroBgaod. WaftkjKid. 

If the aeecmdaiy affinity of X in a weak acid is satniated by 
irith a molecule M to give a complex acid, this complex 
win have the Ibnnnla 

->H-^XM 



the aeeondaiy affinity of X is now satorated, the uooooduj 
a ffi nity of the hydrogen will be free, and its tendency to midogo 
fkilniljfii dis a nciart on thereby ineiesaed. Whereas hydrocyanic 
acid ia a waj f weak acidp hydrogen ferrocyanide, fiuricyanide; and 
eobalticyanide are all strong adds. The aame principles hold in the 
caae of baaeo^ the formulae far which £dl between the types 

-♦B-»OH-» and BlzOH 



le aeecMidary affinity of B in the weak base is saturated by 
eonbination with a molocnle A, a complex and strong base of the 
Ibannia (BA) -^ OH is obtained, examples ai which are affivded by 
the strong alkaline omipoands of anmionia with weakly basic 
— *^*^^*^ hydroxidea. M oreoT^ two or more molecules of the same 

may be united fay secondary affinity and me rise to 



in^ 45, U2S; 191S, 46, SIOS; 1914, 47, 18291 



IM 



Tim Tkmjl t^Folnuy, by J. H. Friend. Second edition. Teodt-books of PkynaJ 
CheDuatrj. Longmana, 1915. 

Oirfimcs ^ OhoRuoy, Chapter IX, by H. J. H. Fenton. Cambridge UniT. Ptmb. 
19ia 

KeMenAntchammigm€MfdtmGdfkUder<margama^ 
Yiewe^ Brunswick, 1909; or JTmc IdeoM of InmgoMue Ckemuwltifj by tlie aaaie, 
translated by £. P. Hedley. Longmans, 1911. 

Modem EledriaU Tkeofy, by N. B. CampbelL Cambridge Unir. Fitea, tod 
edition, 191S. 

1^t€ Aiomie Tkeanf, by Sir J. J. Thomson. Clarendon Press, Qzfoid, 1914. 



CHAPTER III 

THE NATURE OF ORGANIC REACTIONS 

Ir the preceding chapter we have diseuased the valency of carbon 
and the views which have been put forward to explain the pheno- 
menon* We have now to inquire into the causes which bring 
about the interaction of two substances. 

Tal0B0y and Affinity. The firsfc question which naturally 
saggesta itself is what relation exists between valency and chemical 
affinity; does the quadrivalency of carbon, compared, say, with 
the univalency of chlorine, imply a correspondingly higher chemical 
affinity? Before answering this question it may be well to 
consider briefly the nature of chemical affinity, or the force which 
binds the elements together. This has already been touched upon 
in the previous chapter. It is generally assumed that opposite 
electrical properties of the elements determine the readiness with 
which they unite and the stability of the union. It is maniftwtted 
by the evolution of heat or by the loss of some other form of 
energy. Thus, hydrogen and chlorine, representing a highly 
electropositive and electronegative element in the electrochemical 
series, unite with loss of energy, and this energy must be supplied 
if it is desired to break down the union ; in other words, the greater 
the loss of energy, the greater the stability of the product. The 
compound formed in this case, namely, hydrogen chloride, is highly 
ionised in aqueous solution. Exactly the same is true of the 
compound of sodium and chlorine. On the other hand, we have the 
phenomenon of atoms of the elementary gases joining together in 
the form of molecules and of still more highly polymerised forms, 
as, for example, carbon and sulphur, of such stability that they are 
only decomposed with difficulty. 

It is dear then that chemical affinity is at times independent of 
opposite electrical character unless we are prepared to admit, like 
Abegg and Bodl&nder and others (p. 101), that the atoms are furnished 
with both positive and negative charges which may be brought into 
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action when required. This view is, however, attended hy serious 
difficulties, which may he illustrated in the case of carhon.^ 

Carhon, as already pointed out, occupies a unique position in the 
periodic table. Its position midway in the electrochemical series 
giyes it a neutral character which enables it to enter into union with 
both electropositive elements, such as hydrogen, and electron^ative 
elements like chlorine. It is noteworthy that although free carbon 
can only be induced to combine with great difficulty with either 
hydrogen or chlorine, the compounds formed, CH4 and CCI4, are 
not only stable at moderately high temperatures and under the 
action of many reagents, but are not appreciably dissociated in 
solution. Moreover, the elements linked to carbon retain something 
of their properties in the free state. Carbon, for instance, when 
combined with hydrogen, forms a strongly electropositive methyl 
group, but when joined to chlorine produces a strongly electronegative 
CCI3 group. The effect is seen on introducing the two groups in 
place of hydrogen into formic acid. Acetic acid, CH3 • COOH, is 
weaker by about one-twelfth than formic acid, as proved by its 
affinity constant ; trichloracetic acid has more than 5,000 times the 
strength. 

This peculiar character of carbon of acting as a neutral atom to 
which other atoms may become attached without renouncing their 
original properties has been referred to by van't Hoff' as inertia 
(Trftgheit) and by Michael as plasticity,* It is to this same inert 
character that van 't Hoff attributes the slow reactivity of organic as 
compared with inorganic compounds, or, as we should now say, the 
smaller tendency to ionisation.* 

But if carbon exerts little influence on the character of the atoms 
attached to it, it preserves the property, which it possesses in the 
free state, of polymerising, that is, of combining with itself to form 
aggregates of atoms and carbon chains. This again appears to be 
a peculiarity of its position in the periodic system ; for the tendency 
to polymerise or to form chains falls away in the periodic groups 
lying to the right and left of carbon. Chains of three and four atoms 
of nitrogen are known, but are unstable, and attempts to lengthen 
them have met with increasing difficulty, whilst in the case of 

1 Some of the ideas which are expressed here are derived from the Ansiehtm 
vber dU vrgammht Cktmu, by J. H. van't Hoff, 2 vols., 187S and 1881, Viewer 
Brunswiok. Although this classio is now nearly a third of a century old and 
appeared at a time when organic chemistry was underlying its most rapid 
development, many of the views which find expression there are stUi eminently 
suggestive and as applicable to present-day problems as when they first appeared. 

*^AnBkhim, vol. i, p. 2U. > J. prakL Chem.^ 1899, 60, »25. 

* ^futcAfen, vol. i, p. 286. 
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oxygen the peroxides, peracids, and ozonidee readily and sometimes 
explosiyely break up and lose oxygen. 

We may then ask : is this tendency to polymerise which is 
exhibited by free carbon in carbon chains effected by means of the 
opposite electrical polarities of the individual atoms ? If so, the end 
atoms of & chain, like the top and bottom discs of a voltaic pile, 
should show opposite polarities ; but there is no evidence that this 
is the case. For if it were so, the halogen atoms at the two ends 
of & carbon chain should possess different reactivities, which they 
do not, otherwise hexylene dibromide and sodium should yield 
dodeeylene dibromide, 0]2H24Br2, whereas cyclohexane is formed.^ 

We may therefore conclude that the tendency to polymerise, like 
chemical affinity, is a function of the atomic weight and is associated 
with the position of the element in the periodic system ; that increase 
of valency up to the central group is not attended by an increase, but 
by a decrease in chemical energy.' According to van't Hoff' it is 
the high valen(^ combined with the chemical inertia of carbon 
which determines its union with so many different elements, as well 
as with itself, and which explains at the same time the formation of 
the vast number of organic compounds. 

I^ypes of Saactioiui. What, then, determines chemical union ? 
Before answering this question we will consider the different kinds 
of organic reactions. Van 't Hoff ^ classifies them into three typea 
In the fii-st, addition occurs between two unsaturated molecules by 
means of one of the double bonds without cleavage of either molecule. 

The product has in consequence a cyclic structure, 

OC NH 00— NH 

II + II - II 

HN C:NH HN— 0:NH 

Cyanic acid. Cyanamide. Carbodiimide. 

In the second type, addition occurs between an unsaturated and 
a saturated molecule, with cleavage of the saturated molecule. The 
additive compounds, which the defines form, come under this head. 

H2O Br CHaBr 

HjO Br OH^Br 
The third type represents ordinary substitution in which both 
molecules are saturated.' 

> W. H. Perkin, Bar., 18M, 27, 216. 

t Blomatrand, Ckemie dmr JttaUgtU^ 1869, 217, 248. Hinrichaen, 2Wt pkytik. 
am., 1901, 89, 806. 

* AftgieMmy toI. ii, p. 240. « Antkhieny vol. i, p. 8. 

* There ia a fourth type in which the molecule interacts with itself, condenses 
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To explain the union of methane with chlorine we shall have to 
assume one of two things, either that addition precedes substitution, 

CH^ + Cla = CH4Ca2 

CH4CI2 « CH3CI + HCl 

or that each molecule under the influence of the other dissodateSy 

the methane into methyl and hydrogen, and molecular into atomic 

chlorine. 

CH3 CI CH3CI 

H CI HCl 

The first view was held by A. Kekul6, and in a modified form 

by J. U. Nef ; the second by Williamson, who gave expression to it 

in propounding his 'Theory of Etherification ' (1851). Kekule, in 

his Leh/rbwih (1867), says: 'When two molecules react upon one 

another, they attract one another by their affinity and unite ; the 

relation between the affinities of the single atoms frequently 

causes the atoms, which had previously belonged to different 

molecules, to come into the closest attachment. On this account 

the atomic groups which were originally separated in one 

direction, when joined to the other molecule, separate in another 

direction.' The process may be represented by black and white 

spheres, thus : 

•o 

• + o ^ io ^ + 

•o 

This view has been very generally adopted. Van't Hoff^ has 
pointed out that many substitution processes may be most simply 
explained by addition, and Michael^ has accepted the same view^, 
which will be more fully discussed later. It receives further support 
from the theory of enzyme action, according to which enzyme and 
substrate unite before cleavage (Part 111, p. 98), and from Fischer^s 
explanation' of optical inversion (Part II, p. 197j, whereby the 
reagent, which causes it, is represented as attaching itself to the 
atom before forming an additive compound which subsequently 
breaks down in a manner which may or may not cause a change in 
the sjMitial arrangement of the remaining groups. The researches of 
Schmidlin and Lang,^ who have been able to prove the existence of 
such additive compounds from a study of the melting-point curves of 
reacting compounds, point in the same direction. The theory also 

or polymariflM. All the four types may occur in the case of a single eompoond 
as Uluttrated by the ketones (p. 66). 

> AfwichUn, vol. i, pp. 225, 244. * J. prakt. Chem,, 1888, 87, 486w 

> AnnalM. 1911, 881, 128. * Bmr.^ 1910, 48, 2806; 1912, 46, 899. 



TYPES OP REAC5TI0NS 111 

fits in with Wemer*8 notion of residual affinity or auxiliary yalenciea. 
In this connection it is interesting to note that Kekul^ who was 
a strong supporter of the theory of fixed valency, should have 
originated an idea which was directly opposed to it 

Nef ^ considers that chemical reactivity depends on dissociation, 
and at the same time on the additive power df the substituting 
molecule, by virtue of its residual valencies. 

CHa— H + a-Cl = CH3 H = OHoCa + HCl 

II 



Cl-Cl 

Both these views have been extended to the synthesis of organic 
compounds, in which wide scope is given to their application 

There is a fourth type of reaction in which both reacting molecules 
are saturated, yet unite without cleavage. Under this type may be 
included those loose combinations, commonly known as molecular 
compounds, represented by substandes containing alcohol, benzene, 
and chloroform of crystallisation, those formed by the union of 
aromatic nitro and nitroso compounds ' with aromatic hydrocarbons 
and amino compounds, perbromides of the organic bases, and com- 
pounds such as piperidine and carbon tetrabromide, G5H|iN(GBr4).' 
As already stated, such combinations find no place in the ordinary 
views of a definite valency number, but are readily explained on 
Werner's theory. 

Among the many reactions, drawn from one or other of the 
different types, which might be discussed, we propose to limit 
ourselves for the present to those of the unsaturated compounds, as 
having been most carefully studied and affording the most varied 
and most interesting results. 

Additbrn. BeaettcmsoflFnsatiiratadCompaiuiHfl. The simplest 
case of a reaction between molecules is one where direct union occurs. 
The theoiy of unsaturated compounds depends in the first instance on 
the formation of what are termed additive compounds (p. 118). 
Where they are formed it is possible, as a rule, to discover one or 
more elementary atoms in the original compound whose maximum 
valency has not been utilized, and these atoms are represented as 
points of attachment for the new molecule or molecules. Thus, 
hydrocarbons of the ethylene and acetylene type and their derivatives, 

^ Aimakn, 1891 , 366, 59 ; Jowm. Arm, Oum, Soe,, 1904, 36, 1668. 

* Sehiaabe, Ber,, 1876, 8, 617. 

' J>9bn and Dewey, Joum, Amm, Ckm, Soc, 1911, 38, 1588. 
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also aldehydes and ketones, cyanides and isocyanides, cyanates and 
isoeyanatesy azo- and diazo-compounds, &o., all of which fonn 
additive compounds, are readily explained on the theory of the 
unsaturation of certain atoms. 

But there are numerous other compounds which form simple 
additive compounds where the explanation is not so simple. In the 
pyrones^ the oxygen is made quadrivalent in order to afford a con- 
venient point of attachment for the molecule of acid with Avhich they 
unite^ and the structui-e of the quinhydrones (Part II, p. 120) is 
explained in the same way. The existence of molecular compounds 
of aromatic hydrocarbons, phenols, and amino-compounds with di- and 
tri-nitrobenzene and picric acid, and of the perbromidee of bases, &c., 
affords further examples for which unsaturation cannot conveniently 
be made to serve. It is for this reason, as we have seen, that 
Werner has introduced the notion of auxiliary in addition to ordinary 
or principal valencies (see p. 90). 

Nor is it every unsaturated compound that is capable of forming 
an additive compound ; there are, for example, hydrocarbons of the 
ethylene type which refuse to unite with hydrogen, halogen add, or 
halogen. We are thus confronted with conditions in which, on the 
one hand, atomic unsaturation is for some reason suspended, and in 
which, on the other hand, addition occurs where unsaturation cannot 
be assumed. 

A study of the conditions determining unsaturation may throw 
some light on the nature of this property. 

Nef * divides unsaturated comppunds into three categories, namely, 
those which contain a single, active, unsaturated carbon atom, such 
as carbon monoxide, the alkyl and acyl isocyanides, hydrocyanic 
aoid, fulminic acid and its salts, and mono- and di-halogen substituted 
acetylenes. They exhibit unsaturation in the same way as com- 
pounds of the second or ethenoid type, with the difference that the 
new pair of atoms or groups attach themselves to the same carbon 
atom instead of distributing themselves between two. The bonds 
may be free and active, or latent and inert, but it is only in the 
former condition, according to Nef, that addition can occur. The 
two are in dynamic equilibrium, and may be represented in the case 
of the alkyl isocyanides in the following manner-: 

RN = C= :^ RN = CZ1 

Active. Inactiye. 

The process of addition is supposed to occur by partial or complete 

> Tram. Chem. Soc, 1899, 76, 710. ' Jcum. Amer. Cknn. Soc., 1904, 26, 1649. 
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diflaoeiation of the addendum into its atoms or constituent groups, 
whieh then unite with the active yalencies of bivalent carbon. 
Thus the isocyanides form additive compounds with chlorine in the 
IbUowing way : 

yCl XJl 

BN:C: + Ca:Cl -► RN:C< || -► RNiCC 

> > N}1 \ci 

The other additive compounds of the isocyanides have already been 
discussed under bivalent carbon (p^ 65). The second class of 
unsaturated compounds includes those of the ethylene type which 
combine by direct addition to a pair of unsaturated atoms, and 
constitutes the largest and most important class. 

The third group includes those dosed atomic chains such as cyclo- 
propane and propylene oxide, which, though apparently saturated, 
unite with halogens, halogen acids, &c., like the defines (p. 180). 

Additian (Bthoaoid Compoimdi). Ethenoid compounds, it ia 
well known, enter as a rule into union with hydroxyl, ozone, the 
halogens, halogen acids, sulphuric and hypochlorous acid, nitrosyl 
chlorides, nitrogen tri- and tetroxide, and less frequently with 
anmionia, the amines, mercaptans, and alcohols.^ The subject has 
been carefully studied by Michael,' who has laid down certain 
general propositions, which he regards as determining the course of 
these and similar reactions. Adopting the principle proposed by 
Ostwald that ' every system tends towards that state whereby the 
maximum entropy is reached ', Michael ' replaces the word entropy 
by ehemiedl neutrdHsation, that is, the neutralisation of the chemical 
energies or affinities of the reacting atoms. He has further applied 
Osiwald's idea of the distribution of affinity among acids, or avidity,* 
to the formation of additive compounds under the term distributiKm 
prineiplef which he explains as follows : 

'If two unsaturated atoms A and B are present in an organic 
molecule which exhibit unequal affinity towards C and D of the 
addendum CD, and if A has a greater affinity for C than B has, 
addition will occur if the affinity of J.(7 + BD is greater than that of 
CD, and the more readily and completely the larger the difference. 
In this process of addition not only the affinity of ^ to C and of 
Bio D comes into action, but also that of J. to 2> and of B to (7, and 
therefore the further possibility is presented, not only of the com- 
bination of AC +BJ), but of AB-^BC, and the latter in increasing 

^ For a more oomplete list aee J. U. Nef, AnncUen, 1S97, 208, 206. 

• 7. prakl. ChMt., 1899, 60, 286, 410 ; Ber.. 1906, 30, 2188. 

* /. prakt. CRmh., 1899, 60, 292. * Thomsen, Pogg. Ann., 1869, 136, 497. 

PT. I I 
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proportion the nearer the two combinations AC+BDyAD+BO 
approach one another. If the relations are changed in any way so 
that the affinity of il to exceeds relatively that of J? to C7, the 
formation of AC-^BD must increase at the expense of AD-^BCf 
and if B has a greater affinity than ^ to i> it may happen that the 
amount of AD + BC becomes so small as practically to vanish.' 

This principle, taken in conjunction with that of maximum, 
neutralisation, will determine the course of the additive process. 
The latter may take the form of what is termed by Michael the 
negative-positive rule, where the maximum neutralisation is attained 
by the electronegative atom or group of the addendum attaching 
itself to the more electropositive atom of the unsaturated molecule, 
and the more electropositive atom to the more electronegative part 
of the molecule.^ For example, in propylene, OII3 . GH : CH^, the 
electropositive radical CH3 will influence the central more than the 
end ethenoid carbon by rendering it more electropositive. Conse- 
quently, on the addition of hydrogen iodide, the electronegative 
iodine atom will be mainly attracted to the central carbon. This 
proves to be the case. At the same time a small amoimt of normal 
propyl iodide is formed in agreement with the principle of 
distribution. 

If in place of hydrogen iodide, whose constituents lie widely apart 
in the electrochemical series, ICl be added to the compound, a 
certain quantity of CHs . CHI . CHgCl should be formed in addition 
to CH3. CHCl. CH2I. If , again, BrCl be employed, the relatiye 
quantities of the two products must become still more nearly equal. 

Experiment has fully confirmed this result, for Michael found 
that the proportion of primary to secondary chloride in the first 
case was 1 : 3, and in the second 5 : 7.* 

The action of negative groups in the unsaturated compound will 
also influence the result by rendering the neighbouring ethenoid 
carbon more negative. This is a common observation among 
unsaturated acids, like acrylic acid, with a strongly negative 
carboxyl group. Here the halogen of the halogen acid attaches 
itself to the ft carbon. 

From the above considerations, the rule laid down by Markownikoff' 
that the halogen of a halogen acid attaches itself to the least hydro- 
genated carbon, though by no means free from exceptions, will be 
readily understood ; for the least hydrogenated carbon will usually 
be the one situated next to the strongest electropositive hydrocarbon 

> J,prakt. Oienk, 1892, 46, 205. * J.prakt. Chem., 1892, 46, 346, 452. 

* AtmaUn, 1870, 153, 256. 
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radical Let us take the ease of a substituted olefine such as 
^-bromopropylene, OHs.CBrzCH,. The addition of hydrogen 
bromide prodaces )3)3-dibromopropane.^ The effect here is due, 
according to Michael, to the neutral character of the carbon atom, 
whereby the mutual attraction of the bromine atoms in the free 
state is still exerted, under the concurrent influence of the electro- 
positive methyl group. I^ on the other hand, the bromine occupies 
the « position, CB,^ . OH : GHBr, the attraction of the bromine atom 
as well as the proximity of the methyl group act in opposition ; the 
hydrogen bromide distributes itself, so that both propylene bromides 
are formed, namely, OHa. GHBr. OHsBr, GH3 . CHj . OHBr^. 

Michael^ considers that in longer chains reactivity may be 
influenced and modified by spatial considerations, and that, for 
example^ a carbon group in position 5 and 6 relatively to the 
unsaturated carbon atom may, by its tendency towards ring-forma- 
tiouy and, therefore, by its proximity to the unsaturated carbon 
atoms, determine the character of the product. In this way either 
the direct or indirect influence of each atom will be exerted according 
to its position, and determine the course of the reaction,' that of 
the atoms in direct connection with the reacting group naturally 
predominating. 

Much the same conditions as those which determine addition 
should affect the removal of halogen acids by alkalis, and some of 
the experimental results will now be briefly referred to. 

In propylene bromide, for example, the effect of the positive 
methyl group will not only be distributed between the two other 
carbon atoms^ but will be directed in a greater degree towards the 
retention of the bromine atom in the fi position. It has been found 
that the proportion of GHs . CBr : OH, to OH3 . OH : OHBr is two 
to one. As ^bromopropionic acid is more readily formed from 
acrylic acid than the a compound, the former loses hydrogen bromide 
more readily. Isobutylene yields tertiary butyl bromide, and it is 
found that the latter, of all the isomers, is most readily converted 
into isobutylene. 

Similarly with the dihalogen compounds; the more readily 
bromine is added, the more easily is it^ as a rule, removed. 
Generally speaking, the hydrogen of the least hydrogenated carbon 
is detached ; * but its removal depends upon the proximity of methyl 
groups^ which by increasing the positivity of the carbon diminishes 

1 Reboul, Ann, Ckitn. PAy«., 1878, 14, 466. 

* J. prdki. Okem., 1892, 46, 885. 

" See Tan 't HolTb AnaUhtm, vol. i, p. 284, vol. ii, p. 252. 

« Saytzeff, Annakn, 1875, 179, 280. 

I 2 
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its affinity for hydrogen. (CH3)2CH . CHBr . CH, giveB mainly 
trimethyiethyiene (CH3)2 . C : CH . GH3, and a little isopropyl- 
ethylene (CH3)^CH . CH : CHj. 

The little that has heen systematically inyestigaied on the addition 
of hypochlorous acid, ammonia^ and alcohol is referred to by 
MichaeL^ 

In the above examples we hare considered mainly the nature of 
the addenda. We will now extend the inquiry into the effect on 
addition of introducing other groups into the ethenoid molecule in 
place of hydrogen. A considerable amount of work has been done 
on this subject by Klages, Bauer, and Ne£ 

Addition of Kydrogon. Klages ^ has studied the reduction of 
two series of ethylene derivatives, in one of which a hydrogen atom 
is replaced by phenyl, and in the other by carboxyL Other hydrogen 
atoms are replaced by methyl, benzyl, and phenyl groups. The 
reduction appears to be inhibited where two methyl groups replace 
both the hydrogen atoms attached to the same carbon atom; in 
other words, by augmenting the positive character of the carbon 
group affinity for hydrogen is dimimshed. Thus, dimethyl and 
ethyldimethyl styrene CeHsCHiCCCHg),, CeH5C(C2H5):C(CH3)j, 
)3-dimethylacry]ic acid COOH . CH : G(CH3)2, and teraconic acid 
coon . C(CH2C00H) : C(CH3)2, are either reduced with great 
difficulty or not at all. The same applies to terpinolene (Part ID, 
p. 257) and to methylheptenone (Part III, p. 257), both of which 
contain the group C : CiClI^)^* 

Addition of Bromine. Bauer' has examined the effect of 
substituents on the additive power of ethenoid compounds for 
bromine. His results are formulated in the following statement : 
' the tendency of a carbon double bond to add bromine is diminished 
if in the case of both carbon atoms reduplication of carboxyl, ester, 
phenyl groups, or bromine has taken place.' Here the accumu- 
lation of negative groups affects the addition of negative atoms. 
In the acrylic acid series, the substitution of hydrogen by one or 
more methyl groups or one bromine atom attached to either carbon 
does not prevent addition ; but neither tribromacrylic nor dibromo- 
crotooic acid combine. Further, dimethylfumaric acid (pyro- 
dnchonic acid), diethylfumaric acid (xeronic acid), dibromo- and 
methylbromo-fumaric add, acetylene tetracarboxylic and a-phenyl- 
oinnamic acid do not lend themselves to addition of bromine, 

I /. prakL Chm.^ 1899, 60, 481, 463, 467. * Ber., 1904, 87, 924, 1721, 2801. 

* Ber., 1904, 87, 8817. 
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whereas both maleie and fumaric, methylfumaric and bromomaleio 
acids combine. Here the multiplication of both positive and negative 
groups prevents addition, a fact which steric hindrance may possibly 
serve to explain. 

Sudborough and Thomas^ have shown that the unsaturation of 
Py unsaturated acids is much greater than that of afi acids, and the 
rapid addition of bromine in the former case serves as a method for 
distinguishing the two classes. The difference in the case of 
the a.S acids is attributed to conjugation, which is explained on 
p. 138. 

The addition of halogens is also modified by light, and will be 
referred to in the section on photochemistry (Part II, p. 141). 

It is an interesting fact, that whereas cinnamic acid and crotonic 
acid do not unite with iodine, phenylpropiolic acid and tetrolic 
acid, CH3C : C . GOOH, combine with two atoms of the element. 

Turning to the hydrocarbons, stilbene C0H5GH : OH . C^Hg and 
its monomethyl and monobromo derivative add bromine, but not the 
dibromo derivative. Where both phenyl groups are attached to the 
same carbon atoms as in diphenylethylene (CoH5)2C : CHj and its 
mono- and di-methyl derivatives, bromine addition takes place, 
but is prevented in (CaH6)aC : CCCeHg)^, (CaH5)2C : CHBr, and 
(GeH5)2C : OBrGH.|, that is, where two phenyl groups or bromine 
are attached to the second ethenoid carbon. The presence of chlorine 
and cyanogen produce the same effect as bromine.' A further &ct 
of interest mentioned by Bauer is that phenylcinnamic nitrile adds 
bromine, forming a definite bromide, but a nitro group in the para 
position prevents the addition. The m-nitro compoimd, on the 
other hand, yields a definite additive compound, whilst the o-nitre 
compound occupies a middle position, bromine being partially 
decolorised without evolution of hydrogen bromide. 

0-] 
Nitrophenylcinnamio nitrile. 

The retarding eflect of phenyl, carboxyl, and cyanogen follow in 

increasing order, G«H5<C00H<GN, which agrees with the affinity 

constants of the acids in which they occur : 

K 
Phenylacetic acid GeHs . GH, . GOOH 00556 

Malonic acid GOOH . GH^ . GOOH 0045 

Gyanacetic acid GN . GH^ . GOOH 0*87 

1 Tnuu. Chm. Soc, 1910, 97, 715. ' Bauer, J, prakt. Ckem.^ 1905, 72, 201. 
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The results of these observations appear to fall in with Michael's 
neutralisation or positiye-negative rule ; for the addition of posiiivB 
hydrogen atoms is retarded by reduplication of positive radicals in 
the ethenoid molecule, and negative bromine atoms by the presence 
of negative radicals. On the other hand, Biltz * has pointed out that^ 
although tetraphenylethylene does not unite with bromine, the 
closely allied compounds tetraphenylene-ethylene and its oxide 
combine, though in the second case with difficulty. 






CaH4> 

I 
CgH^ 

Tetraphenylene-ethylene. Tetraphenylene-ethylene OKido. 



Also, diphenyldichlorethylene, phenylmono-, di-, and tri*«hlor- 
ethylene, as well as tetrachlorethylene in sunlight, form additi^ 
compounds in spite of the multiplication of negative groups. 

(CeH5),C : CClg CeH^CH : CHCl CeH^CH : CClj CeH^CCl : CCl, 

Diphenyldichlor- Phenylchlor- Phenyldiohlor- Phenyltriohlor- 

ethylene. ethylene. ethylene. ethylene. 

But addition is inhibited in the case of diphenyldinitroethylene, 
CeH,qN02):C{NOJCeH5. 

The evidence is very conflicting. Bauer' adopts Hinrichsen's 
view that negative groups in sufficient number and strength weaken 
the fourth valency of carbon, just as phosphorous pentachloride 
overloaded with negative atoms loses chlorine on heating, and passes 
to a state of lower and more stable valency. The valency of carbon^ 
in the same way, when overloaded with negative atoms or groups, 
tends to shrink and become tervalent. From this point of view there 
is nothing remarkable in the existence of triphenylmethyl (p. 60). 

Exactly similar views have been expressed by Michael' on the 
instability of carbon compounds when charged with either negative 
or positive atoms or groups. Methane is a stable neutral compound 
because the negative carbon is neutralised by the four positive 
hydrogen atoms ; but if hydrogen is replaced by an electropositive 
metal, as in the organo-metallio compounds, there is a surplus of 
positive polarity, and a consequent loss of stability. The combined 
loss of stability and active valency is, no doubt, a gradual one, and 
varies in different compounds, so that the addition or removal of 
bromine is probably a reversible process, the balance of which may 
shift from one side, where no addition occurs under any eireuni« 

^ AnnaUn, 1897, 200, 281, 268. * Annalen, 1904, SSOi 228. 

* J. prakL Chim,, 1899, 60, 802. 
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stanoee, io the other, where the ethylene compound is wholly 
converted into a definite and stable bromide. 

AdditioB of Vitrosjl CUorida The union of nitrosyl chloride 
with unsaturated compounds was first studied by Tilden,^ who 
found that addition occurs in the case of limonene, pinene, tri- 
methyl-, tetiamethyl-, and methylpropyl-ethylene, normal octylene, 
phenylethylene (cinnamene), and diphenylethylene, oleic and 
elaidic acids, anethole and isosafrole ; but not with acenaphthylene, 
eugenol, safroie, ii^-nitrocinnamene, crotonic, isocrotonic, fumarie, 
and maleic acids. There appears to be no relation between the 
additive power for nitrosyl chloride and that for bromine. 

AdflitiOB of Vitrogen TrioxidA. The property of forming 
additive compotmds with N2O3 is also found among the terpenes. 
The nature of the product may vary according to the environment^ 
giving rise to nitroso-nitro compounds or nitro-oximes.* 

— C O— C Cr— 

II I II 

NOa NO NOa NOH 

Nitrofio-nitro. NitnM>xime. 

Addition of Vitrogen Tetroztd*. Many of the terpenes and 
unsaturated ketones ' are known to form additive compounds with 
nitrogen tetrozide, forming nitrosates containing the group, 

— C — C— 

I I 
NOg ONO 

which, in the case of unsaturated ketones, readily loses HNO^, and 
passes into unsaturated nitro compounds. Schmidt* has shown 
that with diphenylacetylene both cis and trans stereoisomers of 
dinitrodiphenylethylene are formed, 

CeHg .0 = 0. C0H5 

I I 
NO2 NOj 

and Bntz' has found that this property is shared by tetrachlor- and 
tetrabrom-ethylene. In the case of the tetraiodo compound, sub- 
stitution of the iodine occurs. 

Addi t io n of Kydrozyl and Oione. A characteristic property of 
the ethenoid carbon atom is its power of taking up two hydroxyl 

^ TroM, Chem, 8oc.y 1894, 1, 824. 

< WieUnd, Atmaleny 1908, 828, 154 ; 1908, 820, 225 ; 1905, 84o) 68. 

' Wieland and Bloch, AnntUen, 1905, 840, 168. 

« Ber., 1901, 84, 619. • Bir., 1902, S6, 1528. 
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groupB when oxidised by a dilate and neutral solution of perman- 
ganate, usually at the ordinary temperature. This reaction has 
been utilized in ascertaining the position of a double link as well as 
m effecting the cleavage of the molecule by further oxidation at 
this point : > C = C < + H^O + 0=> C(OH) - C(OH) <. Many examples 
of this reaction will be discussed in later chapters. Another property 
which appears to be shared by acetylene compounds is the union of 
ethenoid compounds with one molecule of ozone^ forming a class of 
compounds known as o^anides, 

>C:C<+03=>C C< or >C — C< 

0—0—0 O — 




The formation and properties of these compounds have been 
exhaustively studied by Harries and his co-workers.^ They are 
obtained by passing ozonised oxygen (containing about five per cent, 
of ozone) into a solution of t^e unsaturated compound in an inert 
solvent along with a current of carbon dioxide, which diminishes 
the risk of explosion, some ozonides being extremely explosive. They 
are thick colourless oils, syrups, or gelatinous masses, which liberate 
iodine from potassium iodide and bleach permanganate and indigo. 
They have a peculiarly unpleasant and suffocating smell, and some, 
such as the ozonides of mesityl oxide and acrolein, are explosive, 
but not those of the unsaturated hydrocarbons, the simpler members 
of which are suf&ciently stable to be distilled in vacuo. With water 
they decompose at the original double bond into aldehyde or ketone 
and hydrogen peroxide. 

CHj— Ov 

I >0 + Rfi - 2HCH0 + H,0, 

CHa-<K 

Ethylene ozonide. Formaldehyde. 

In other cases, where excess of ozone is used, the ozonide breaks up 
and gives the peroxide of the one carbon group and the aldehyde 
or ketone of the other. 

OHsv 

>C Ov CH,v .0 

R^l \o- >C<|+RCHO 

RCH— O^ r/ X) 

The formation of ozonides may be used for determining the 
presence and, frequently, the position of a double bond, and the 

1 Atmaiin, 1906, 843, 811 ; 1915, 410, L 
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process has been applied in the ease of pulegone, pinene, and other 
compounds. 

The fact that benzene forms a triozonide may therefore be taken 
as evidence of the Kekul^ formula. This compound breaks up with 
water like other ozonides, giving three molecules of glyoxaL 

yO-O 

CH \q oho 

0-H(y^H/ CHO \CH0 



< 

\0— H 



djc 



+ 8H,0 -* I +8HjOa 

Hv CHO xCHO 

> dH 



CH Y CHO 

\)— 

Naphthalene however, only unites with two molecviles of ozone, 
both of which are attached to the same nucleus, and consequently, 
according to Harries, the two nuclei are differently constituted. 

The action of ozone on aldehyde and ketone groups is to fumi^ 
one additional atom of oxygen, and form a peroxide, so that a 
substance like mesityl oxide, which contains a ketone group in 
addition to an ethylene linkage, unites with four atoms of oxygen, the 
product breaking up with water into acetone (or acetone peroxide), 
pyruvic aldehyde, and hydrogen peroxide : 

(0H,LC:CH.CO.CHj + O. + O - (CHaUC— CH . C . CH3 

I I II 


1! 
o 

(CHJfi—CH . C . CHg + 2H,0 - (CH8)jC0 + CHO . CO . CH3 + 2HaO, 


U 

O yO 

or, + HgO - (CH3)C<^ I + CHO . CO . CH3 + HjOj 



Y 



Y 



Avtozidatioii. The behaviour of unsaturated compounds towards 
ozone leads directly to the action upon them of free oxygen, and to 
the explanation of the phenomenon known as autoxidation, which 
was first studied by SchOnbein. The property which turpentine oil 
possesses when exposed to air of absorbing oxygen, which is thereby 
rendered active and capable of bleaching indigo, separating iodine 
from potassium iodide, oxidising arsenious to arsenic acid, &c, has 
long been known, and the induced activity has been variously 
ascribed to the formation of ozone, hydrogen peroxide^ and atomic 



122 THE NATURE OP ORGANIC REACTIONS 

oxygen. A different interpreUtion of the proeees has been offered 
by Horitz Traube and Engler and Weisabeig' on the following 
grounds : turpentine oil will retain its oxidising properties for years in 
the dark in absence of air, a condition which would scarcely obtain if 
ozone or atomic oxygen were in contact with so oxidisable a substance 
as turpentine. The oxygen which turpentine absorbs is not dis- 
placed by passiog inert gases through the liquid, indicating some 
form of combination. The activity cannot be due to dissolved 
hydrogen peroxide, since the latter cannot be removed by shaking 
with water, whereas from an artificially prepared mixture it is 
completely extracted. Moreover, oxidised turpentine oil, unlike 
hydrogen peroxide, separates iodine from potassium iodide in absence 
of an acid, and gives no blue colour with chromic acid solution and 
ether such as a trace of hydrogen peroxide will produce. On the other 
hand, the oxidised turpentine gives the yellow colour with titanic 
acid, characteristic of all peroxides. The conclusion arrived at by 
the authors is that the oxygen attaches itself in the molecular form 
to the substance, yielding a peroxide which may undeigo intra- 
molecular rearrangement into the ordinary atomic form, or may 
give up a portion of its oxygen to an oxidisable substanee in its 
vicinity. In this way many substances which are not directly 
oxidisable by free oxygen can be oxidised indirectly by the peroxide. 
The authors of the theory term the peroxide or moloxide the 
aulaxidatorj the substance indirectly oxidised the ocofptor, and 
formulate the process as follows : 

AO, + B -♦ AO + BO 

Autoxidator. Aneeptor. 

A behaviour precisely similar to that of turpentine has been 
obeerved in the case of other unsaturated hydrocarbons, amylene, tri- 
methylethylene, hexylene, fulvene and its derivatives (Part H, p. 92), 
Ac, and may be represented as follows: 

— C=C— + 0, = — « 



n 



in which molecular oxygen adds itself to the ethenoid carbon atoms 
after the manner of ozone. 

The discovery by Baeyer and Yilliger' of the existence of a 
definite though highly unstable peroxide of benzaldehyde has 
afforded strong evidence in favour of the above view. The sobetanoe 

* VorffitngB dtt AfUoxydatum, View«g, Branswiek, 190A. 
' &r^ 1900, S8, 868, 1669. 
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wiB obtiiiied by the aetion of hydrogen peroxide on benxaldehyde 
as m oolonriess crystalline compoond having an add ehancter and 
fiMming salts. Aeecwding to Engler and Weiaabeig it is produced 
Vy addition of moleeolar oxygen followed by intnunokcalar change. 

O 

CACHrO -♦ C«H^Ch/\o -♦ CeH^C.O.OH 

^ 6 

Bensoyl fa jdroperoxide. 

Benxqyl hydroperoxide has similar properties to oxidised turpentine, 
inasmuch as it is not only capable of oxidising a second substance 
aoefa as indigo^ but can react upon itself and, by parting with an 
atom <^ oxygen to a second molecule of benzaldehyde, yield two 
molecules of benzoic acid : 

A similar process has been observed in the case of triethylphosphine, 
wiiich, by absorption of oxygen, forms a peroxide, (C2H3)3P02, 
capable of reacting on the unchanged substance, giving two 
mciMules of monoxide : 

(CA),PO,+ (C,Hs),P - 2(Cjaj,P0 

Many other examphB of peroxide formation by absorption of firee 
oxygen might be quoted, such as the conversion of phenylhydroxyl- 
amine into asoxybenzene,^ and /3-metfayihydrindone into benzyl- 
methylketone o-carboxylic acid,' but sufficient has been s t a tod to 
iDustrate the parallelism which exists in the behaviour of free 
oxygen and ozone. 

But in addition to the secondary processes above described, 
namely, the interaction of the peroxide compound with a foreign 
oxidisable substance, and also with itself, other secondary changes 
may and often do occur, such as the polymerisation of the peroxide, 
observed in the case of acetone peroxide^ and the action of water on 
the peroxide^ which may lead to the formation of hydrogen peroxide 
The appearance of hydrogen peroxide when oxidised turpentine is 
left in contact with water has been explained in this way : 

.0 Hv yO.OH 

A<|+ >0 -♦ A< -♦ AO + H4O, 

More recently, peroxides have been used for oxidising the ethenoid 



and Salwaj, IVvm. Ckem. Soc, 190S, 05, 166L 
* Bmberger, Ber^ 1894, 27, 1661. 
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group by delivering up an atom of oxygen. Ethylene oxides can be 
prepared in this way by the use of benzoyl hydroperoxide. 

O 

>C -= C< + CeH6C03H=>(J-U< + CeH5C02H 
The application of other organic peracids to the oxidation of anhy- 
drides has also been studied.^ 

Bdtarogenaoiui Addition. We have so far considered the nature 
of addition where the constituents of the addendum are similar, as 
in bromine, or dissimilar, as in hydrogen iodide, and again where 
the ethenoid carbon atoms are linked to different groups. There 
is a third case where both the ethenoid carbons ai-e attached to 
different radicals, and the addendum consists of heterogeneous con- 
stituents. Examples of this type are considered on p. 208, and need 
not be referred to at length. The most interesting cases are perhaps 
those reactions in which the alkyl and acyl halide react with the 
metallic compounds of acetoacetic ester and Michaers reaction 
(p. 202). Here the electrochemical characters again appear to 
determine the course of the additive process, the positive and 
negative groups on both sides distributing themselves in such a 
way as to produce, according to Michael, the maximum neutralisation 
of affinities. 

For example, the negative iodine atom of the alkyl iodide attaches 
itself to the carbon which is rendered positive by methyl and the ONa 
group, and the positive alkyl group to the negative carbon made 
negative by the associated carboxyl group, that is to say, the 

ONa 

+ - I 

OH, . C(ONa) : CH . COOCaH ^ CH, . C— C H • COOCjH^ 

I I 
I CH3 1 CHa 

- + 

- CHj . CO . CHtCHj) . COOC2H5 + Nal 

substitution is preceded by addition, an assumption which is by no 

means improbable. 

In Michaers reaction similar conditions are supposed to prevail. 

The union of cinnamic ester and sodium malonic ester probably 

takes place as follows : 

+ - 
OflH^ . CH : CH . COOC^H^ CjH^ . CH . CHNa . GOOG^K^ 

(C,H-OOC)aCH Na = (CjH^OOQgCH 

> Awm, Oum, Joum., 1905, 82, 143. 
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An interesting question arises as to what would occur if in the 
first of these two reactions the metal were made less positive and 
the addendum more negative. What, in short, would happen if 
silver were substituted for sodium, and an acyl for an alkyl radical ? 
The subject has been investigated by Michael.^ He finds that if 
the relations of the two unsaturated atoms are so changed that their 
affinity to methyl is diminished more than that of the metal-oxygen, 
the tendency of the reaction will be towards substitution rather than 
addition. Silver acetoacetic ester and methyl iodide still give methyl- 
aeetoacetic ester, but less readily and with decreased yield. If the 
negative chloroformic ester is substituted for methyl iodide, sub- 
stitution occurs and not addition, and the acidic group attaches 
itself to oxygen.' 

If, again, the ketone group is made more acidic, as, for example, 
In oxaloacetic ester, C^HsOOC. GO. GHg. OOOCaHg, the alkali 
compound furnishes only a poor yield of C-alkyl derivative, but an 
excellent yield of the 0-alkyl compound, especially if the less positive 
silver salt is used. 

The action on sodium acetoacetic ester of a strongly negative 
haUde compound, such as acetyl chloride, is interesting, for its 
tendency to unite with oxygen is small in spite of the presence of 
the strongly electropositive alkali metal, and consequently diaceto- 
acetic ester is formed : 

CH3COCI + CH3 . C(ONa) : OH . COOCjjHc 
- (CH3 . CO)aOH . COOC^Hfi + NaCl 
It is not, however, clear from Michael's theory why the union 
between acetyl chloride and acetoacetic ester, in presence of so weak 
a base as pyridine^ should give rise to acetoxycrotonic ester, 
CHj . CO(CO . CHj) : OH . COOCjHg rather than its isomer. 

Nef ' has expressed much the same view, namely, that the metal 
is attached to oxygen, and that alkyl and acyl halides may react by 
addition. He has shown that by the action of acetyl chloride on 
the sodium compound both products, namely, a little 0-acetyl along 

^ J.prakt Chem.f 1899, 60, 816 ; see also Lander, Trans, CTiem. Soc., 1900, 77, 
729. 

* This is in accordance with a more general law enunciated by Michael, 
whereby carbon, when attached to negative atoms or groups, shows less tendency 
to combine with itself (polymerise). Carbon monoxide can exist as a singlo 
molecule, but in union with metals polymerises, giving (COK)s(CO)f Ni, (CO)0Fe. 
On the other hand, the non-existence of methylene and methyl is due to tho 
opposite tendency of the presence of electropobitive atoms to cause polymerisa- 
tion {J.prakt. Chem., 1899, 60, 295). 

> Atmakn, 1891, 266, 62 ; 1898, 276, 286 ; 1894, 280, 814. 
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with the 0-acetyl derivative are formed. The main difference be- 
tween these observers is that Nef regards both the free acetoacetic ester 
as well as its sodium derivative as possessing the hydroxyl formula, 
a view which has since been disproved. Moreover, he assumed that 
the halogen united with the a-hydrogen of the ester rather than 
with the sodium atom. He bases the latter view on the observation 
that benzyl chloride, and also acetyl and benzoyl chloride acting 
on the sodium compound, give both mono and dialkyl and acyl 
derivatives, which he expresses as follows : 

CHa.CONarCH.COOCaH^ = CH3.C(ONa):C(C7H7).COOC2H5 + H01 

61 CtHt 
CH3.CONa:qC,Hj).COOC,H5 - CH8.CO.qCTHT)g.COO0,H5+ Nad 

CI C7H7 

It seems improbable that if sodium chloride were eliminated at the 
first stage the product, which contains a benzyl group and is there- 
fore more positive, should decompose the sodium chloride and yield 
a sodium compound capable of reacting with a second molecule of 
benzyl chloride. He concludes that the direct exchange of metal 
is not possible.^ 

There are, however, other explanations of the above processes not 
involving addition. The change of 0-compound to C-compound 
might occur after substitution under certain conditions, although 
ethoxycrotonic and ethoxyfumaric ester are comparatively stable 

CoHfiO . C . CH. CoHxO . CH 

II li 

HC . COOCjHj OH . COOCjH, 

Ethoxycrotonic ester. Ethoxyfumaric e&ter. 

substances, and it is not probable that in these two cases such a 
shifting of the alkyl group is likely to occur. The acyl derivatives of 
acetoacetic ester, on the other hand, are known to undergo isomeric 
change of this character (Part II, p. 863). 

Dismissing the theory of isomeric change after replacement as 
improbable, there is another view which has been advanced by 
W. Wislicenus.* Direct substitution of metal by radical occurs 
under constraint, and is usually effected by means of an insoluble 
compound (silver salt) in a non-dissociating medium (ether, benzene, 
&c). Beplacement by a metal (alkali) in a dissociating solvent and 
at a higher temperature brings about a ' free reaction ', and with it 

> Annalen, 1891, 200, 116- 

* ^Tautoinerie', Ahrons' VvrtrOge, 1898, 2, 249. 
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indirect substituidoiu This latter effect is supposed to depend upon 
the reversible nature of the free bond of the organic residue on 
remoTal of the metal, which may be expressed in the case of 
aeetoaeetic ester as follows : 

GH^.COiCH.COOCjHj t^ CH3 . CO . CH . COOCjHj 

and it will thus enable the C-derivative to be formed. The first, or 
constrained process, produces an 0-derivative ; the second, or free 
reaction, a C-deriyative. 

But if the formation of an O-derivatiye in aeetoaeetic ester depends 
on a constrained reaction, it is difficult to account for the fact, dis- 
covered by Lander,^ that 90 per cent, of C-ether is formed by the 
action of ethyl iodide in presence of silver oxide (which gives much 
the same result as the silver compound). 

Perhaps the most satisfactory explanation, as suiting the most 
varied conditions has been supplied by Lapworth (Part II, p. 854), 
in which there is an equilibrium established between the dissociated 
ions of the two metallic derivates, or, in other words, an equilibrium 
mixture of both metallic compounds is present : 

CH3 . ci : CH . COOCjHft + Me ^ CH, . CO . CH . COOC^H^ 4 Me 

He e metal. 

which may shift from one side to the other according to the 
conditions of the reaction or nature of the reagent or both. 

Primarily, no doubt, electrochemical influences prevail, and 
determine combinations such as occur in the use of zinc alkyls 
and the Grignard reagents. Michael would probably interpret these 
reactions by supposing the electropositive metal to link itself to 
oxygen in a ketone, or to nitrogen in a cyanide, and by neutralising 
the electronegative effect of oxygen or nitrogen render the adjoining 
carbon more disposed to polymerise (attach itself to carbon), and 
thus attract an alkyl group. 

/CH3 . .OMgBr 
>C-0 + Mg< =->C< 

\Br / ^CH, 

This example introduces a fourth type of addition in which the 
atoms constituting both unsaturated molecule and molecule of 
addendum are dissimilar. 
Examples of this type are very common, and may be briefly 

> Trant, Oum. Socl, 1908, 83, 420. 
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enumerated. The addition products of aldehydes and ketones^ C : O, 
also of ihialdehydes and thioketanes, (C : S), are as follows : 
Reagent HCN NH3 NaHSO^ Cgll^pH HPO, 

.OH /OH yOH >0H ^OH 

Product >C< >C< >C< >C< >C< xO 

\CN \nH2 \sO3Na ^OC^Hs N)P^(OH), 

This additive power of the CO group fedls away in something like the 
following order, depending upon the nature of the attached groups : ^ 

CO CO CO CO CO 

I I I I I 

CH3 C:C RO HgN HO 

Similar observations have been made by Qoldschmidt* on the 
addition of ammonia to ketonic esters. 
In compounds of the general formula, 

R.C:0 



CH2.COOC2H5 

the stability of the additive product decreases with increasing 
positivity of R in the following order : 

CeHj, COOC2H5, CH3. 
Petrenko-Eoitschenko ' and Stewart * have shown that with increasing 
negativity of the neighbouring groups the reactive power of CO for 
sodium bisulphite increases ; with positive groups it decreases. 
The following percentages were obtained in thirty minutes with the 
same strength of solution of sodium bisulphite : * 



Acetone 


. 47 


Pinacoline . 


. 6.6 


Methyl ethyl ketone . 


. 251 


Aoetoaoetic ester . 


. 66-0 


Methyl isopropyl ketone 


. 7.5 


Acetone dicarbozylic ester 


. 61-0 



Among other unsaturated organic compounds which are capable 
of forming additive compounds under conditions, which have not 
been submitted to very careful or systematic examination, are the 
oximes )C:NOH, the methyleneimides — N:CH29 the azoimides 

— Nc^ II , the azo-compounds — N=N — , &c. 

\n 

The next class of unsaturated compounds to which attention 
will be directed is that in which more than one double bond is 
present. This class may be subdivided into two groups : one in 
which the unsaturated atoms are similar and adjoin one another, 

^ VorUnder, Amakn, 1908, 841, 9. * Ber., 1896, 89, 105. 

* Annaim, 1905, 841, 150. * Trans, Cfum. Socy 1905, 87, 186. 

* As the numbers refer to the quantity formed in a giyen time and not to the 
reaction yelocitj, they are not stiictly ooroparable. 
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and have consequently a carbon atom in common, as in allene 
CH^:C:CH^, and carbon suboxide 00:0:00, or in which the 
onsatuiated atoms are different, as in ketone and its deriyatives, 
OH, :0 : ; and one in which the unsaturated atoms are separated 
by one or more carbon atoms. 

Members of the allene series are very few in number, and have 
been little studied. They are obtained by the action of metals on 
the dibromo-olefines and removal of bromine as metallic bromide. 

CH,:CBr.CH2Br -» CHj:C:OH, 

Dibromopropylene. Allene. 

In presence of sulphuric acid they take up the elements of water 
and form ketones, and further undergo isomeric change, on heating 
with sodium, into the corresponding acetylide, 

CHj:C:CHa -♦ CHa-C'CH 

Tht ZetoiiMy Carbon Suboxide (Gfi^. The class of compounds 
known as ketenes have the general formula B2O : GO. They not 
only serve to illustrate the various types of reactions characteristic 
of unsaturated compounds, but afford an insight into the increased 
reactivity produced by the adjoining double bond on the ketone 
group. The parent substance, OH^ : CO, was obtained by Wilsmore ^ 
by heating acetic anhydride, acetic ester, or acetone by means oi 
a glowing platinum wire, and by Schmidlin * by passing the vapour 
of acetone through a red-hot tube. 

CH3 . CO . CH3 « CHj : CO + OH4 

Staudinger ' obtained various ketene derivatives, such as methyl- 
ketone CHs . CH : CO, dimethylketene (CH3)2C : CO, phenylketene 
CgHoCH : CO, and diphenylketene {C^'R^fi : CO, by acting upon the 
halogen add chloride or bromide with zinc 

CRaCl . COCl + Zn =- CRg : CO + ZnCl^ 

Carbon suboxide C3O2, which may be included in the same group 

of unsaturated ketones, was obtained by Diels and Wolf ^ by distilling 

in vacuo a mixture of malonic acid or its ester with phosphorus 

pentoxide, 

CH2(COOH)2 - CO : C : CO + 2Ufi 

or by acting on dibromomalonyl chloride with zinc filings. Both 
ketene and carbon suboxide are colourless and poisonous gases, with 
an unpleasant and penetrating smell. Ketene can be liquefied at 
—56°, carbon suboxide at 7^. Staudinger divides the other ketenes 
into aldoketenes of the formula RCH : CO and ketoketenes B2C : CO. 

1 Trans. Ckem, Soc., 1907, 91, 1988. ' Ber., 1910, 48, 2821. 

> Vie Ketene, by U. Staudinger. £nke, Stuttgart, 1912. 
« Ber., 1906, 39, 689. 

PT. I K 
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The former are colourless, the latter yellow or orange gases or 
liquids. They are all extremely reactiye, uniting not only with the 
usual addenda oharacteristic of ethenoid compounds, such as the 
halogen acids and halogens, forming acid chlorides and halogen acid 
chlorides, but also with water, alcohols, mercaptans, primary and 
secondary amines and acids. In none of these reactions, however, 
do they resemble true ketones, but rather compounds of the carbimide 
type CO : NR. 

With water, ketene and carbon suboxide form respectively aoetio 
and malonic acid, 

CHj : CO + HjO = CH3 . COOH 
CO : C : CO + 211 fi = CH2(COOH)2 

With alcohol, they yield acetic and malonic ester, 

CHg : CO + C2H5OH - CH3 . COOC2H5 
CO : C : CO + 2C8H,OH = CHjCCOOCgHg), 

With aniline or ammonia, the ketones yield anilides or amides, 

CH, : CO + NHgCflHfi = CH3 . CONHCeHg 
(CeHg)^ : CO + NH3 - (CeH5)2CH . CONH, 

With acids, anhydrides are formed, 

(C6H5)2C : CO + CflHgCOOH = {CeB^)gPH . CO . O . COCeH^ 

XOO . COCH3 
CO : C : CO + 2CH3COOH - CH^C 

\COO.COCH3 

/CO 
= CHj< >0 + (CH300)j,0 
XIO 

A second type of reaction is presented by the union of two or more 
molecules of ketene ; in other words, by polymerisation. Whilst the 
ketoketenes are more disposed to form additive compounds, the 
aldoketenes are characterised by their remarkable tendency to 
polymerise. In the latter case polymerisation takes place so rapidly, 
even in dilute solutions, that the aldoketenes cannot be prepared in 
a pure state. The ketoketenes polymerise more slowly, dimethyl- 
ketene requiring from one to two hours at the ordinary temperature, 
whilst diphenylketene will remain unchanged for months. Spon- 
taneous polymerisation, that is, at the ordinary temperature and 
without the use of reagents, leads to cyclobutane derivatives : 

RoC— CO 
2RjC:C0 -♦ I I 

OC— CR, 

A third type of reaction is illustrated by the formation of an 
additive compound followed by cleavage into two new molecules. 
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This is best shown by the behaviour of oxygen, with which more 
especially the ketoketenes unite. By passing oxygen into dimethyl- 
or diethyl-ketene at -20^ white amorphous compounds separate 
which in the dry state explode violently ; but suspended in ether 
they break up into carbon dioxide and the ketone 



RjC : CO RjC— CO KfiA 

+ -^ V "^ I 
0—0 o 

II 

o 



rCO BfiO 

I -^ + 
O CO, 



The reason for introducing a second intermediate dioxide stage 

between ketone and ketone is the existence of ketene oxides of the 

fonnula^ 

RnC— CO 

V 
O 

which in the case of phenylmethylketene and diphenylketene appear 
in considerable quantity along with the dioxide. 

Finally, there is a fourth type of reaction illustrated by the union 
of the ketene with a second unsaturated molecule, containing one of 
the following groups : 

C :C, C :0, C :N, C :S, N :0, N :N. 

A four-atom ring is first produced, which more or less easily breaks 
down into two new molecules. 

With ketones, for example, the following reaction takes place : 

E,C:CO E,C4-C0 RgC 

= I I I -* II +C0, 
EjC : O RjC-j-O RjC 

t 
I 

The addition may occur in two ways, and it has actually been 
observed in the case of the compounds with the carbimides thus : 

RjjC : CO RjC : CO 

+ + 

RjjC : NR RN : CR, 

i i 

EsiC--CO RoC— CO 

II * I I 

RjC— NR RN— CRa 

Where union with nitroso compounds occurs, such as diphenyl- 
ketene with nitrosobenzene, combination and cleavage follow two 
directions: 

k2 
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(C,Hs),C-00 (C^«)aO CO 

II -- 11+11 

0-NO,H. O NC,H, 

(CeH,),C-CO (CaHj),C CO 

C,HgN-0 ~* CeHjN O 

Thus every type of reaction is represented, and it should be 
observed that in addition to the foregoing, additive compounds 
are formed with pyridine and quinoline, acid chlorides, hydrogen 
cyanide, and the Grignard reagent, yet in no case is the behaviour 
that of a true ketone. This difference in character may be ascribed 
to the presence of two adjoining double bonds, which not only 
enhance the reactivity of the molecule, but fundamentally alter the 
ketonic character of the substance. 




CHj), 



!(CH,), 

Dimethylketene-pTridiiie. 

A group of compounds termed ketimines of the general formulae 

R.CH:NH R.CRi:NH 
have more recently been obtained by Moureu and Mignonac ^ by the 
action of ammonium chloride on the product of the action of the 
Grignard reagent on the nitriles 

B . C( : NMgBr)Ri + NH^a = RRiC : NH + MgClBr + NH3 
They are low-boiling basic substances which combine with acids 
forming crystalline salts, readily decomposed by water into the 
ketone and ammonium chloride 

RRjC : NHjjCl + H2O « RRiCO + NH4CI 

Coi^iigatad DoaUe Bonds. This term has been applied to those 
unsaturated compounds in which the unsaturated groups have no 
single carbon atom in common , but the pairs of double bonds are 
separated as in isoprene or butadiene, acrolein or glyoxal. 

CH,:0(CH3).CH:CHjj CHjj:CH.CH:CHa CH,:CH.CH:0 

Isoprene. Butadiene. Acrolein. 

0:CH.CH:0 

Glyoxal. 

1 Cmp. rend,t 1918, 166, 1801. 
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Under certain conditions of atomic environment such a grouping of 
double bonds exhibits abnormal chemical behaviour and abnormal 
physical properties. For example, muconic acid on reduction or 
bromination does not unite with four atoms of each element, as the 
existence of two pairs of double bonds might lead one to expect, but 
only two atoms are absorbed, and attach themselves to the a carbon 
atoms at either end of the chain, a process which is accompanied by 
a shifting of the double bond to the nuddle position.^ 

HOO0.CH:CH.CH:CH.COOH 

Huconio aoid. 
H, Br, 

-^ \ 

HOOC . CH, . OH : GH . OH, . OOOH HOOO . OHBr . OH : OH . OHBr . OOOH 

Hydromuconic aoid. Huconio acid dibromide. 

Similarly, diphenylbutadiene unites with nitrogen tetroxide to form 
a 1 . 4 dinitro compound.* 

CeHftCH :CH. OH :CH. OeHft + NA 

= CcHsCHCNO^) . CH : OH . CHCNOaJCeHg. 

That the positive hydrogen atoms should seek the most negative 
carbon atoms is not surprising, and these are situated at the end of 
the chain ; but that the negative bromine atoms and nitro groups 
should act similarly introduces a difficulty for which an electro- 
chemical explanation seems insufficient Moreover, there is no 
apparent reason why, supposing the first two atoms to enter the end 
positions in the chain, reduction or bromination should stop, as 
it does. 

ThUla'fl Theozy. To account for 'this and similar phenomena 
J. Thiele' has introduced his theory of partial valencies. 

According to Thiele the valency of unsaturated atoms, which are 
usually denoted by double or treble linkages, is not wholly utilized, 
but some force of affinity remains as a residual or partial valency, by 
Yirtue of which the process of addition is initiated. These partial 
valencies are indicated by dotted lines. 

C==C 0=0 0=N N=N 



Ethylene, for example, attaches bromine in the first instance by 
its partial valencies, which change to a full valency simultaneously 
with the appearance of a single linkage in place of the double bond« 

1 Annalen, 1888, 210, 171 ; 1885, 227, 46 ; 1889, 251, 257 ; 1890, 256, 1. 
* Straus, Ber.f 1909, 42, 2866. > AnnaUn, 1899, 806, 87. 
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HgC • H,C-Br HgCBr 

II +Br, -^ II ^ I 

HgC HgC -Br HjCBr 

The electrochemical nature of the elements determines the process 
of addition ; for example, N=N has no affinity for chlorine and no 
addition of this element occurs ; hydrogen unites with oxygen rather 
than with carhon, the acid radical with carbon rather than with 
hydrogen, and so forth. 

The existence of residual affinity in unsaturated atoms agrees with 
Thomson's^ calculation of the thermal value of an ethylene bond, 
which he finds less than that of two single linkagea 

Passing to the case of two adjoining pairs of double linkages 
referred to at the beginning of this section, Thiele supposes the central 
pair of partial valencies to neutralize one another and lose their activity 
like the opposite poles of two magnets when made to touch. The 
union is indicated by a curved line and is termed conjugated, and the 
whole arrangement a conjugated double bond. In this way the partial 
valencies of only the end atoms remain active and capable of 
attaching new atoms, whilst the conjugated atoms are inactive. 

C=C— C=C -♦ C=C— C=C 

• ; • I  • 

". I • • • 

Compounds with conjugated double bonds are therefore more 
saturated and, as we shall see later (Part II, p. 67), have a smaller heat 
of combustion. The same thing is supposed to occur in unsaturated 
ketones and in diketones and acids. 

0=C— C=C 0==C— C=0 

As soon as addition has taken place the conjugated bond changes 
into a normal double bond, and in this way reduction or bromination 
of the end carbon atoms is effected. 

The following are a few examples. Phenylcinnamylacrylic acid 

gives on reduction and bromination the 1 . 4 dihydro and dibromo 

acid respectively." 

CeHfiCH, . CH : CH . CR{CJELf,) . COOH 

CeHgCH : CH . CH : CCCeH^) . COOH^ 

CeHs . CHBr . CH : CH . CBrlCeHj) . OOOH 
The hlP unsaturated acids with the conjugated grouping 

1 Zeitphysik. Chem., 1887, 1, 869. * AnncUeHf 1899, 306, 201. 
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RCH=CH . C=0 

I 
OH 

do not unite with bromine as readily or as rapidly as the Py acids 

ECH=CH . CHj . C=0 

I , which are unconjugated and therefore less 
OH 

saturated. The rate of hydration of saturated and unsaturated an- 
hydrides shows great differences, which are ascribed to conjugation. 
Haleic acid, which contains conjugated double bonds, undergoes 
hydration ten times as quickly as succinic anhydride.^ 



II >0 




OH— C<f' 

According to Thiele's theory benzil should give on reduction 
diphenylethylene glycol, whereas benzoin is actually formed. 

HsCe C.H5 ^^^j H,Ce CeH^ ^^^ H,C« CeH, 
0=C — C=0 ^^® HO. 0=0. OH ^^^ 0=0 — CHOH 

Benzil. Diphenylethylene glycoL Benzoin. 

How is this to be explained ? Thiele attributes the final stage to 

isomeric change of the very labile intermediate product Supposing, 

however, reduction to be effected in presence of acetic anhydride 

and sulphuric acid, the acetyl derivative of the intermediate glycol 

should be formed and isomeric change arrested. This is precisely 

what happena Two stereoisomeric diacetates of diphenylethylene 

glycol are formed. 

HjCe CeHg 

CHjCO . OC==CO . COCH3 

Similarly, benzylidene acetone should give hydrocinnamyl methyl 
ketone in place of the unstable alcohol. 

CH3 CH3 

C,H5.CH=C— 0=0 -♦ CeH5.CH,.CH=C-0H -♦ 

O11H5CH2 • OH2 • GO • GH3 
But Harries finds that the reaction proceeds otherwise, and that 

1 RiveU and Sidgwiek, 2Vafi«^ 1910, 97, 1677. 
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two molecules of benzylidene acetone join up to form a Batorated 
double ketone. 

I I I 

CH - CH — CH 

2 II -^ I I 

CH CH, CH, 

I I ' 

CHs-ca CH3.C0 C0.CH3 

The reaction is explained by supposing that the electronegative 
oxygen £rst unites with hydrogen, and the alcohol thus formed 
isomerises to the ketone form. This leaves the partial valencies of 
the carbon free to unite with hydrogen or mth a second molecule, 
and it is the latter process which occurs. 

The reduction of muconic acid is also readily explained. As it 

contains three conjugated linkages only the end oxygen atoms 

yOH 
poBsess partial valencies and the end groups C^ isomerise to 

carboxyl by passing on an atom of hydrogen to the a carbon. 

OH OH 



0=C— CH=CH— CH=CH— 0=0 



Haeomc acid. 

HOv ^OH 

>C— CH=CH-CH=CH-C< 
HO^ v^ v^ >w^ \0H 

Intermediate form. 

OH OH 



0=0— CH, 



— CH=CH— CH, . 0=0 

Hydromuoonic acid. 

The theory explains, moreover, in a simple fashion why fiunaric 
acid is more easily reduced than crotonic acid, since electropositive 
oxy^n attaches hydrogen more readily than carbon. 

OH OH CHo OH 

I I I J, 

0=C— CH=CH--C=0 CH=CH— C=0 

: : : i 

Famaric acid. Crotonic acid. 

This may also explain why the halogen enters the p position, where 
halogen acid combines with an unsaturated acid. In acrylic acid. 
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fior flumpld, tiie hydrogen attaches itself to oxygeu and the bromine 

to carbon. 

OH 

.OH 
-♦ CH,-CH=C< -♦ CH,Br.GH,.(X).OH 

Aoylie aeicL Br ^-Bixmiopropioiiic acid. 

Iq the same way, when addition of water or ammonia takes place, 
OH and NH, unite with the p carbon and hydrogen to the a carbon. 
It is not therefore due to the negative addendum being repelled by 
the negative carboxyl group, as frequently assumed. Anmionia com- 
bines with phorone thus : 

CHjv AJH,^ CH3V Ajo.2 

>C:CH— OO.CH:C< -♦ >C— CH,— OO.CH:C< 
CH/ NCH, CH,/| \CH3 

Pborone. NH^ 

Thiele's theory also explains the addition of magnesium acyl or 
alkyl bromide to unsaturated ketones and esters ; but the position 
taken by the radical is here found to depend on the nature of the 
radical already associated with the ketone or ester group. In the 
case of cinnamic ester, a phenyl or cyanogen group attached to the 
a carbon will cause the acyl group to attach itself to the fi carbon, in 
the case of a methyl group to the a carbon.^ 

 

CroflMd DoaUa Bonds. An example of what are termed crossed 
doable bonds occurs in dibenzalpropionic add. 

12 3 4 

ill! 
CeH5CH=C-CH==CH. C^U^ 



I ^0=0. 

i in 



Here it will be observed that a conjugated system may be formed 
between the different pairs of carbon atoms. 

: : 

CiHgCH=(5^H=CH . C,Hg 

(i 



I 
OH 

Soch an arrangement presents two altematire ways in which addition 

may occur, the nature of the product depending on that of the 

> Kohlar, Anur. Oern. Joum^ 1906, 36, 639 ; 190«, 87, M9; 1907, S8, 611. 
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addendum. In the case of bromine it is scarcely surprising to find 

that it attaches itself to carbon atoms 1, 4. Hydrogen and halogen 

acid, on the other hand, distribute themselves between oxygen and 

the nearest carbon atom. With hydrogen the following compound 

is formed : 

C0H5 . CH2 . CH • CH=^/H • C0H5 

COOH 

It should, however, be pointed out that in addition to the 1 . 4 
dibromo-additive compound, a second, 8 . 4, compound is also 
produced. How is the latter accounted for ? Thiele lays emphasis 
on the fact that the partial valency of the central carbon, 2, by 
being distributed between its two neighbours, does not neutralise 
their activity, and some is available for additive purposes. Hence 
the dibromo derivative appears : 

CeHg . CH : C . CHBr . CHBr . CeHg 

COOH 
Borsche ' has recently shown that the union of ethyl acetoacetate 
with certain ketones containing a system of crossed double linkages 



II depends on the length of the chain. If the chain is 
C:C.C.C 

sufficiently long the ends may approach one another so closely that 

a part of the residual affinity is saturated, and will not unite with 

the ester. This is the case with dicinnamylidene acetone, but not 

with distyryl ketone. 



CeHfiCH CHCeHs CeH.CH CH.CflH^ 

^11^ Hd c U 

CH CH 
Sufficient has been said to indicate the general nature of the 
theory, and the resources available for meeting apparent anomalies. 
Before discussing the exceptions to the theory, it may be well to 
consider its application to the aromatic series of compounds. Its 
application to the benzene formula is fully discussed (Part II, 
chap, vii), and little more need be said on the subject. In refer- 
ence to it Thiele says : ' as by the neutralisation of the partial 
valencies the original three double bonds vanish, no distinction can 
be drawn between them and the secondary (conjugated) double 
bonds. Benzene contains six inactive double bonds. Thus, the 
difficulty presented by the two ortho positions, 1 . 2 and 1 . 6, which 

^ Antudin, 1910, 875, 146. 
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Eekuld attempted to meet by the aid of his dynamic hypothesis, 
disappears. Benzene may be, therefore, represented by the formuk, 

H 

C 

Hc/\CH 




if it is desired to attach weight to its saturated character and to the 
equality of the ortho positions.' 

Thiele has applied the theory in a variety of wa3rs to explain 
certain characteristics of benzene derivatives. Phenol, for example, 
is distinguished by its high reactivity, which it loses to some extent 
in its ethers and estera^ Assuming that it may react in its isomeric 
form of ketone, the partial valencies will at once come into play. 



0- 

II 



X 




The reduction of the aromatic acids (see Part II, p. 897) may be 
consideFed from the same point of view as that of muconic acid 
(p. 188). On the reduction of terephthalic and phthalic acids, the 
hydrogen attaches itself to the a carbon atoms. 



OH 

I 
C=0- 






OH 



N)H 



^^OH 
yCOOH 

\/\h 



Reduction of Phthalic acid. 



^ ^lat the phenols show greater reactivity than their ethers, and that they 
nact in the ketone rather than in the enol form, has been questioned. K, "BL 
Meyer and Lenhardt, Annalm, 1918, 888, 66. 
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HO— C=0 





H COOH 



X 



H COOH 

BeducUon of TerephthaUe acid. 

The quinones famish an interesting eas^ because addition may 
occur in different positions, and the differences observed may be 
ascribed to the nature of the entrant atoms and groups. 

— 



W..- 



....^^ 



"V'  



\X 



/\^ 



c 



=0 



o- 

p-Qoinone. o-Quinone. 

Hydrogen attaches itself to oxygen, and quinol and catechol result. 

OH 




) 

Y 

OH 

That reduction is arrested at this stage naturally follows. Halogens, 
on the other hand, will seek the carhon atoms, and di- and tetra- 
ohloroquinones will he formed. Halogen acid will distribute itself 
between the oxygen and the nuclear carbon, and, according to Thiele, 
will pursue the following course : 




OH 



OH 



/X 



vH 



V\ci 



o 




OH 



The quinonimines will act in a similar fashion. Quinonediimine 
on reduction should produce |>*phenylenediamine, whilst sulphurous 
acid should react like hydrogen chloride, the acid group remaining 
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attached to the nucleus, and the hydrogen passing to the imino 
group. 

NH, 

A 



NHj 

I 



NH 

II 



I 

NHj 



V' 

II 
NH 



NH, 

I 



\X 



S03H 



NH 



I 
NH 



SO^H 



2 



Heisenbeimer ^ has utilized the idea of partial yalencies in order to 
explain certain reactions of nitro compounds, such, for example, as 
the formation of alkali salts of trinitrobenzene and trinitrotoluene in 
alcoholic solution, and their combinations with potassium cyanide. 

H OCHa H CN 

NO2 o,n/\no2 





In naphthalene the distribution of partial valencieB and their 
conjugation will appear as follows : 



\A'^ 




[0 a 



\ 



I 



) ( 



; 



The partial valencies of the two central carbon atoms will not 
suffice to neutralise those in the a positions, and consequentty they 
are the most easily attacked ; for it is well known that substitution 
takes place in these positions. Supposing that on reduction hydrogen 
enters positions 1 . 4, what will be the effect ? The hcHf partial 
yalencies of the two central carbon atoms will be withdrawn from 
this pair, and consequenUy those directed towards 5. 8 will hefuU 
partial yalencies, or, in other words, the unreduced ring will be trans- 
formed into a true benzene ring, whilst the other ring can take up 
twofurtherhydrogenatoms,asBambergerhasfound(PartIII, p. 283). 



AnmOen, 1902, 823, 219, 241. 
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H, 






Anthracene in the same way may be represented by the formula : 



) 






 

Thiele claims for this formula the advantage that it explains the 
well-known reactivity of the para^sarbon atoms of the central 
nucleus, a view which has been developed by Meisenheimer ^ in 
relation to the nitro-derivatives.' 
Phenanthrene has the formula, 



^ 



< 



:^ 



HC CH 
which explains the peculiar reactivity of the HC=Cn group. 

The effect of conjugation is not manifested only by chemical 
behaviour, but is seen in the enhanced optical activity, magnetic 
rotation, and refractivity described in Part II, pp. 28, 58, and 223. 

An interesting extension of Thiele's theory has been brought for- 
ward by Robinson and Hamilton.' From their own and Decker's 
observations^ they conclude that tervalent nitrogen may act as a 
member of a conjugated system. They have been able to show that 
where the group 

EgC = C-NRa (Rj = alkyl or H) 
occurs, whether the nitrogen forms part of a chain or ring, both 
alkyl salts (alkyl acid sulphates and alkyl iodides) attach themselves 
to the end atoms, the alkyl group (R) joining the carbon atom and 
the negative group (X) the nitrogen with the usual change of linkage 

E^C— C = NR, 

I I 

R X 

This may take the form of direct addition or lead to a secondary 

process of hydrolysis, as illustrated by the behaviour of /3-diethyl- 

1 AnnaUUy 1902, 823, 204. 

* It should be pointed out that, though there may be more free yalency at 
the diaposal of the two central carbon atoms, the para-carbon atoms in the two 
side rings are in a condition precisely similar to those in the a positions in 
naphthalene. 

• Trans. Chem. Soc, 1916, 109, 1029, 1088. « Ber., 1904, 87, 628 ; 1906, 88, 2898. 
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aminocrotonic ester with alkyl iodides giving, by hydrolysis with 
water, methylacetoacetic ester. 
The action is explained as follows : 

(CjH6),N.C(CH3):CH.COjR -► 

INCCaHfi)^ . C(CH3) . CHCCHg) . CJO,R -* 

: qCHa) . CHCH3 . CO^R + NHaCCaHfi)^! 

To explain the behaviour of nitrogen in this addition process, the 
authors consider that it possesses (in addition to two latent valencies) 
two partial valencies, and that the normal valency of every atom may 
be accompanied by a partial valency. They deduce a number of 
interesting results from this theory, and suggest that oxygen possesses 
partial valencies, thus explaining the formation of alkyl derivatives 
of acetoaoetic ester by the attachment of iodine of the alkyl iodide to 
oxygen and the methyl group to carbon of the sodium compound. 

like most chemical theories, that of Thiele has become an 
attractive target for the shafts of criticism. It has been attacked by 
Michael, Hinrichsen, Erlenmeyer, and others on the ground that it 
is not only unnecessary, but that the numerous exceptions which 
have been observed render it untenable. Michael ^ accuses its author 
of adopting or discarding, as may suit his purpose, the positive- 
negative rule (see p. 113). He points out that Thiele assumes that 
in certain cases the atoms or groups of the addendum distribute 
themselves according to their electrochemical character, but that the 
addition of halogen acids and ammonia to unsaturated acids is based 
on an entirely different conception. Again, in dibenzalpropionic 
acid (p. 187), the two carbon atoms with the strongest partial 
valencies are 1 . 4, and consequently the 1 . 4 dibromo acid should 
of the two be formed in larger quantity, whereas the 1 . 2 dibromo 
compound predominates. These and other additive processes find, 
according to Michael, a readier explanation by the aid of the positive- 
negative rule. Hinrichsen,' like Michael, assails the theory on the 
ground that it attaches too little weight to the electrochemical 
nature of the additive process; 'the constitution of a substance 
produced by the addition of atoms and radicals to unsaturated 
eompounds is determined in the first place by the qualitative 
relationship existing between the addendum on the one hand and 
the atoms or atomic groups present in the unsaturated molecule on 
the other/ Among the many exceptions to Thiele's theory the 
following may be cited : 

I J. PrdfcL Chsm,, 1899, 60, 467. > Annaien, 1904, 886, 174. 



144 THE NATURE OP ORGANIC REACTIONS 

Michaers reaction (p. 202) and the addition of sodium malonic 
ester to cinnamylacrylic ester/ 

CeH6CH:CH.CH:CH.COOC2H5 CflHfiCH.CH.CH.CHNa.COOCjHft 

+ NaCHCCOOCgHg)^ CH(COOCjHfi), 

the addition of bromine to cinnamic acid, which follows the normal 
course, the reduction of cinnamylformic acid to phenyi-a-hydrozy- 
isocrotonic acid,' 

CeHgCHrCH.CO.COOH -* CeHgCH : CH . CH{OH) . COOH, 

the addition of hydrogen cyanide and magnesium methyl iodide to 
the GO group of ciimamic aldehyde,' 

/OH /OMgl 

CaHftCH : CH . CH<; CeHg . CH : CH . CH< 

N3N MJH3 

the addition of bromine to diphenylbutadiene * and to cinnamylidene- 
malonic ester, both of which yield 1 . 2 dibromides, 

CflHfiCHBr . CHBr . CH : CH . CeHa, 
CeHgCHBr . CHBr . CH : CCCOOC^Hfi),, 

and the reduction of dibenzalpropionic acid, which also gives a 1 . 2 
dihydro derivative, 

CeHgCH : CH . CH(CO,H) . CH, . CflH^. 

Apparent exceptions in the case of 1 . 2 additive compounds of 
unsaturated ketones and esters with ammonia,' hydroxylamine,* 
hydrogen cyanide,^ and sulphurous acid ' may be explained on 
Thiele's theory by including the CO of the carboxyl group in tho 
conjugated series, and assuming isomeric changes to follow thus : 

>C=C-C=0 + NHaOH -► >C— C=C-0 -► >C— CH-C=0 

ill I II 

NHOH H NHOH 

>C=0-C=0 + HCN >C— C=C— -► >C— CH— C=0 &c. 

: : III 

CN H CN 

1 YorlAnder, Bter., 1908, 86, 2889. 

s Erlenmeyer, jun., Bvr,, 1908, 86, 2529 ; 1904, 87, 181a 

> Kohler, Am. Qtem. J,, 1904, 81, 642 ; 1906, 88, 158, 883 ; 1907, 86, 529. 

« StrauB, Bar., 1909, 42, 2866 ; Riiber, Bar., 1911, 44, 2974. 

B Koehl and Dinter, Bar,, 1908, 36, 172. 

« Harries, Bar., 1897, 80, 230 ; 1904, 87, 252. Posner, Ber., 1908, 86, 4805 ; 
1907, 40, 218, 227 ; 1909, 42, 2785. Riedel and Schuiz, Annaltn, 1909, 867, 14. 

' Lapworth, TVonj. Oiem, Soe., 1908, 88, 995 ; 1904, 85, 1214. KnoevenamL 
Ber., 1904, 87, 4065. 

* Tiemann, Ber., 1898, 31, 8297 ; Knoeyenagel, Bar., 1904, 37, 4088. 
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Tbiele and Meiaenheimer,' who obtained the hydrogen cyanide 
compound of cinnamylidene malonic ester, 



CjHsCH : CH . CH . C(COOC,Hj), 

CN 



' i 



admitted that it constituted an exception to the theory, and, if this 
is so, others may be included in the same category. 

Hinrichsen ' has formulated the additive process on the basis of 
Michael's positive-negatiye rule in the following series of simple 
propositions : 

Addition is determined by the electrochemical nature of the 
unsaturated groups as well as by that of the constituents of the 
addendum. If the latter are of opposite polar character, as H . Br, 
H.CN, K.HSO3, H.NHj, Na.HC(C00C,H5)j, Na.OCjH^, 
CeHgCHsS . H, H • NHOH, the mutual attraction of the constituent 
atoms or groups wiU direct them to adjoining atoms, ie. to the 
1 • 2 position. If, on the other hand, the constituents of the 
addendum are the same, H2, Brj, N2O4, two conditions may obtain ; 
either mutual repulsion may drive them apart into positions 1 A, 
or the opposite polar character of the unsaturated groups may 
counteract the mutual repulsion of the constituents of the addendum, 
and cause the latter to enter positions 1 . 2, as in cinnamylidene 
malonic ester, 

CeHftCH : CH . CH : CCCOOCaHfi)^ + Br, - 

C^HgCHBr . CHBr . CH : qCOOCjHj),. 

If, finally, each unsaturated group in position 1 • 2 is oppositely 
polar to each constituent of the addendum, the mutual attraction 
may cause the latter to enter positions 1 . 2 instead of driving them 
apart. Thus, on reducing dibenzalpropionic acid, the two positive 
hydrogen atoms are attracted to the two negative groups in 
positions 1 . 2, 

CeHjCH : CH . C(COjH) : CH . CgH^ -► 

CeHftCH : CH . CH(CO,H) . CH^ . CeHg. 

The addition in positions 1 . 4 generally occurs under special 
conditions. Erlenmeyer, jun.,' like Hinrichsen, considers that the 
principle of firee valencies in the case of unsaturated compounds 
serves the purpose better than that of Thiele's partial valencies, and 
that the union of ethylene and bromine may be expressed thus : 

> Anna'en, 1899, 800, 247. « Chem, Zfg., 1909, 83, 1097. 

> AnncOen, 1901, 816, 48. 

PT. I Ii 
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H2Cf — S2C — Br 

[ +Br,- T 
HjC— XI2C — Br 

He adopts Kekul^'s view (p. 110) that addition must be assumed to 
precede substitution in saturated compounds, and therefore the theory 
of partial yalencies must logically be extended to them also. Thiele's 
theory must consequently either be discarded or expanded. Kekul^'s 
scheme does not, however, include all reactions, and to extend its 
scope Erlenmeyer has added the following : 

f f f 

bl yd ^\ M bv Id 



which is intended to convey the notion of the mechanism of the 
interaction of three reacting groups before, during, and after 
a reactioii, as, for example, the formation of ethane from methyl ^ 
iodide and sodium, 

I I 



CH / |Na CH^ ^Na 

CH,v Wa CH.^ ^Na 



^ 



jNa CH3. 

In> pit I 



I 



or the p<Jymerisation of acetaldehyde and acetylene, 

O 

CHj.CH'^ l|CH.CH, CHj.CH/^CH.CH, 

O h -* Jo 

GH CH 



I I 

CH3 CH3 

CH CH 

CH'^ rCH HC/\CH 



U^ 



CH^ CH HO^ IdH 

CH CH 

The idea may be applied to the reduction of benzil and muconic add, 
when Thiele's theory becomes unnecessary. 
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COOH COOH 

I I 

OH CH CH, 

CeHj.c/ CHj^ jH ^ Ch/ 

,,^6. J chL 'h ~* ch! 

-- ^H ^] 



CH, , 

OH OH CH, 



COOH COOH 

According to Erlemneyer this view of the process has the 
adyantage over Thiele's, inasmuch as it is of general application, 
and presents a variety of reactions from a common standpoint, 
without recourse to hypothetical partial valencies. His further 
attempts, like those of Knoevenagel,^ to represent the various kinds 
of chemical comhination hy phases in the oscillation of carbon 
tetrahedra or spheres cannot be regarded as very convincing, and 
must be left to the reader for reference. 

An interesting view of the nature of the addition process, as it 
occurs in unsaturated ketones, has been described by Yorl&nder and his 
collaborators * ftx>m results of obsei*vations by themselves and others 
on the action of acids (hydrochloric, hydrobromic, sulphuric, phos- 
phoric, and picric adds) and a few halide salts (HgCl^, FeCls) on 
certain aromatic afi unsaturated ketones containing the group 
C : C . C : O. They find, for example, that substances such as 
dibenzalacetone, G^H^GH : GH . GO . GH : GH . G^Hs the correspond- 
ing dianisalacetone, &c., form additive compounds with one or two 
molecules of hydrogen chloride or bromide, or one molecule of 
Bulpliuric acid ; that benzalacetone, G^HgGn : GH. GO . GH3, unites 
with one molecule of hydrogen chloride, and so forth. This reaction 
appears to take place in two well-marked phasea In the first phase, 
an unstable and brightly coloiured yellow, orange, or red compound 
called A is formed, which, on the addition of water, easily loses acid 
and gives the original compound ; in the second phase the colour 
vanishes more or less quickly with the production of a stable, 
colourless compound, B. The authors then discuss the nature of 
the change. They discard in turn the theory of Eehrmann and 
Wentzel, who ascribe to A and B a different structure, 

OH CI H 

Nc<^ SG:GH.GH:G.R b/ \c.GH.GH. GO.R 

A (coloured). B (colourless). 

^ Jnnaien, 1900 311. 203. 

* £er., 1903, Sd, 1470, b628; 190i, 37, 1644; Annalen, 1908, 341, 1 ; 1906, 345. 156. 

l2 
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because, as Baeyer and Yilliger^ have pointed out in the case of 
dianisalacetone, the methoxyl group in the para position in A would 
be eliminated with the chlorine and yield a quinone, a reaction 
which does not take place. They also reject the theory of Baeyer 
and Villiger that the colour is due to the union of the acid with 
the ketone oxygen, because it has been found in compounds of thia 
dass that the CO group is less reactive than the neighbouring 0=^0 
group, and such a union would not explain the addition of two 
molecules of halogen acid to dibenzalacetone, &c. Moreover, an 
unsaturated compound containing no CO group, such as anethole^ 
isosafrole, &c., forms yellow and red additive compounds with 
hydrogen bromide and picric acid, and the same occurs with 
anthracene and phenanthrene. For this and other reasons Vor- 
Iftnder also rejects Thiele's rule of the existence of a 1.4 and 1 . 2 
additive compound. Nor is the colour necessarily due to the for- 
mation of a coloured ion, for then trimethylammoniumazobenzene 
chloride, C^HgN : N . CeH^ . N(CH3)3C1, should be violet, like amino- 
azobenzene hydrochloride, C^HgN : N . C0H4NHSCI, whereas it is 
orange, like aminoazobenzene. The colour must therefore be due to 
a change in the saturation capacity of one or more elements. 

Yorlftnder considers the interaction of two substances to depend 
upon a difference of potential, which falls slightly in the formation of 
the A coloured compounds, but much more in that of the B colourless 
compounds. The first stage in the process of combination corre- 
sponding to the A compound is compared to two oppositely charged 
conductors separated by a dielectric, in which the charges are con- 
centrated at opposite points of the conductor; the second, oorre* 
spending to the B compound, to their discharge on coming into 
contact. A strain is first set up, followed by a fall of energy in 
the system. The two phases, A and JB, are termed 'addition 
isomerism '. 

They are represented in the following way : in the first or colour- 
forming phase there is no separation of the constituents of HX, but 
the attachment is that of a molecular compound ; in the second, 
dissociation of HX occurs and the two constituents combine 
additively, with loss of energy, forming the stable and colourless 

compound* 

(HX) 
RCH— CH.CO.R Coloured 

X H 
BCH— CH.CO.R Colourless 

Bir., 1902, 35, 1191. 
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If the assumption of the existence of molecular ions is correct, the 
first reaction will be influenced by the nature of the solvent as well 
as by temperature, pressure, and the action of light, whereas in the 
second, the solvent will have little effect. 

THE AROMATIC HYDROCARBONS 

The aromatic hydrocarbons, standing as it were midway between 
saturated and unsaturated compounds, may be briefly considered here. 

SubstltiitioiL in the Aromatie Series. It is well known that 
substitution in the nucleus of a monosubstituted benzene derivative 
gives rise to one or more isomers. It is rare to find all three present 
in the product ; but usually the new substituent enters either the 
ortho or para position, or both ortho and para positions, or on the 
other hand only the meta position. The group already present 
appears to possess a directing influence, which has been embodied in 
certain rules of substitution. Hdbner ^ expresses it as follows : ^ In 
the replacement of hydrogen in the benzene nucleus the entrant 
negative (acid) substituent enters the para position and at the same 
time the ortho position to the least negative or acid substituent already 
present. It follows from this that if an acid (negative) substituent 
is already present and a second acid substituent enters, the latter will 
avoid the ortho and para positions as far as possible and enter mainly 
the meta position.' 

Noelting' has expressed the same thing more definitely: 'If 
a neutral, basic, or weakly acid group, such as CH3, CI, Br, I, NHj, 
OH, occupies position 1, by the action of CI, Br, I, HNO^^, and H2SO4 
the main product will be a para compound together with varying but 
always smaller quantities of ortho derivatives. But if the position 1 
is occupied by an acid group, NO2, CO2H, SO3H, the action of the 
above reagents produces mainly a meta compound together with 
small quantities of the ortho and para series.' Crum-Brown and 
Gibson' have presented the rule in a rather different form. 
Supposing the radical already present forms a compound with 
hydrogen, which can be converted by direct oxidation into the 
corresponding hydroxyl compound, the new substituent will enter 
the meta position, otherwise it will occupy the ortho-para position. 
Thus HCl cannot be oxidised directly to HCIO, but acetaldehyde 
CH^CHO gives CH3COOH. The directing influence of chlorine in 

» Bar., 1876, 8, 878. » Ber., 1876, 9, 1797. 

* Trans, Chem. Soc, 1892, 61, 867. 
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the firsi ease ia therefore to the ortho-para, that of acetyl to the metm 

position. The results are given in the form of a taUe : 

Ha HOCl 9^ 

HBr HOBr •-p 

HGH, HOCH, 9^ 

HNH, HOKH, 9^ 

HOH HOOH 0-9 

HNO, HONO, m 

HOCl, H0CC1, 9^ 

HCOH HOCOH m 

HCOOH HOOOOH m 

HSO.H H090,H m 

CgHj.CO.CH, CO. OH, HOOCH, HOCOCH, m 

C,H,CH,.COOH CH,.COOH HCH,.COOH HOCH,. COOH »i» 

The authors point out expressly that the rule is no 'law *, as the 
nature of the substituent has no obvious connection with the 
mechanism of the reaction. 

Another way of formulating the rule is given by Armstrong;' who 
points out that ortho-para substitution takes place if an element 
is present in a group in which the atom attached to the nucleus is 
only linked to univalent atoms. Meta substitution, on the other 
hand, occurs if the attached atom is linked to multivalent atoms. 

Yorl&nder has advanced a similar rule to the effect that in 
brominating, sulphonating, and nitrating a benzene substitutioii 
product GeHsE, the substituents £ have a different influence accord- 
ing to whether the element in the side-chain is saturated or not. 
Ohloro* and bromo-benzene, phenol, toluene, benzyl chloride, and 
phenylaoetic acid give almost exclusively para and ortho substitutioii 
products, whereas from nitrobenzene, benzenesulphonic acid, benz- 
aldehyde, benzonitrile, acetophenone, &c., mainly meta derivatives are 
formed. The groups which give rise to the entrance of nitro groups 
into the meta position are unsaturated : 

—NO,, —ON, — CHO, —COOH, --SO3H. 

Those which favour the ortho-para position are saturated : 

-a, -Br, —OH, — CH3, — CHjCl, — CH,. COOH. 

But none of these rules rigidly express the facts. It is difficult to 
draw a definite line between weakly and strongly n^ative atoms 
and groups as formulated by Hflbner and Noelting. The Crum* 
Brown*Gibson rule does not explain the formation of m-nitraniline 
(NH3 cannot be directly oxidised to NH^OH) nor the production of 
ortho-para derivatives from toluene (CH^ is directly oxidisable to 
methyl alcohol as Bone ' has shown). Yorlftnder's rule falls short in 

1 Ihmf. Ckem. Soe., 1887, 51, 258. > Tnuu. Oum. Soc, 1908, 9S, 1975. 
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the eaoe of nnsatunted eompoonds such as eiiiiumic acid, i^-nitzo- 
styroiey and azobenzene, which come within the ortho-paim 8e]ie& 
Moreorer, there are eases where all three deiivativeB axe formed ; for 
ezam]^ when nitric acid acts on toluene. In addition to ortho and 
para, small quantities of meta-nitrotoluene are formed. The same 
oeeon with the action of nitric acid on benzoic acid, in which the 
principal product is the meta compound ; but ortho and para nitro> 
benxoic acids are also produced. Aniline, acetanilide, and benzanilide 
yield all three nitro deriyatiyes and so does acetopbenone. Another 
point to remember is that in cases where the three isomera have not 
been detected, one or other may have been overlooked owing to the 
experimental difficulties which attend the separation of a small 
quantity. But there are other exceptions in which the formation of 
the particular isomer and the relative quantity of it are determined by 
the conditions of the reaction. Aeetanilide and fuming nitric acid 
give a mixture of ortho and para derivatives ; in presence of strong 
sulphuric add about 95 per cent, of para is produced ; but if nitrated 
with nitrogen pentoxide in presence of acetic anhydride the product 
IS ^Imnwi exduaively the ortho compound. This is in agreement mth 
the rule ; but, on the other hand, if aniline is nitrated in presence of 
a large quantity of strong sulphuric acid, the main product is meta. 
Similar observations have been nuuie with dimethylaniline, in which 
the presence of strong sulphuric acid gives rise to the meta derivative 
as prindpal product. A very curious result is obtained on intro- 
ducing alkyl groups into toluene by the Friedel-Crafts reaction. 
Methyl enters mainly into the ortho position, propyl into the meta, 
butyl into the meta and para, and amyl probably into the para 
position. Holleman* does not regard this fact as opposed to the 
usual rule owing to the complicated nature of the reaction and the 
number of products formed. Blanksma ' explains other exceptions by 
indirect substitution, in which the substituent first enters the side- 
chain and then passes into the nucleua This applies to ortho-para 
substitution in the nitration of aniline. Direct or meta substitution 
is assumed to occur when sulphuric add is present. This view 
cannot be generally applicable seeing that on nitrating or 
brominating bromobenzene indirect substitution cannot occur ; never- 
theldss the products are ortho and para compounds. 

AlthoQ^ the general rules cited above in different forms are 
observed in the laiger number of casee^ it does not follow that the 



> DU dinkie BmfSkrmtg vm S^bttiiuenten in den BemtUcem, p. 19S^ A. F. Hollaaun. 
Yeit, Leipzig, 1910. 
* Btc.du tm. ddm. Pa^ Bag, 1902, 21, 281 ; 1904, 23, 90S. 
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proportion of orUio and para is retained under different condiiiouB 
or on introducing different substituents. For example, in sol- 
phonating phenol, the higher the temperature, the more para lelatiTely 
to ortho compound is formed ; in brominating toluene the para com- 
pound 18 the main product (60 per cent), but in nitration it is the 
ortho compound which predominates (56 per cent). Bromination 
of benzoic acid jrields only the meta compound, but nitration yields 
all three nitro compounds. The character and amount of by-products 
are subject to considerable variation. If para is the main product, 
some ortho is usually formed, but little or no meta compound. If 
ortho is the main product, para is found with a little meta. If, 
finally, meta is the chief product, either ortho or para accompanies 
it, together with small quantities of the third isomer. None of these 
observations are without exceptionsL Benzenesulphonic acid gives 
mainly the m-disulphonic acid (68 per cent) and the rest is para free 
firom ortho. Benzoic acid gives mainly fiKulphobenzoic acid, and 
agiiin the para is the only by-product 

In regard to the rules which determine the entrance of subetituents 
into higher substituted derivatives of benzene, it appears in the case 
of the halogens that when the first two hydrogen atoms have been 
replaced in the ortho, meta, or para positions, further substitution 
mainly follows in a direction which leads to a 1 . 2 . 4 . 5 derivative 
whatever the nature of the entrant group \ 




Theories of Bemsne BnbstitntioiL HoUeman in his treatise on 
'Die EinfQhrung von Substituenten in den Benzolkem' has dis- 
cussed very fully the various theories which have been advanced at 
different times to explain the rules of substitution. Armstrong' 
adopts the view that addition precedes substitution ; that in ortho- 
para substitution, the additive compound results from the union of 
the reacting molecule with the carbon atom to which the first radical 
is attached, whilst in meta substitution the additive compound is 
formed by the union of the reacting molecule with the radiccH, which 
usually contains an unsaturated group. In view of Bamberger's and 

1 Cohen and Dakin, Trans. Chem, Soc, 1904, 85, 121 i ; Cohen and Hartlev, 
Aid., 1906, 87, 1860. 

* Trans. Chsm, Soc, 1887, 61, 858. 
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Chatlawmy's obaaratioiis on laoiiierie change where a group 

from side-chain to nndeoa, yielding in the nugonty of cases oitho 

and para denTatiYes (Part II, p. 371X this yiew cannot he sostained. 



.' Flfliacheim hases his view of snbstitntion 
OB Wemtf's themy ci mATimnm disposable affinity which may be 
iraiionaly distribated according to the nature of the attached atoms 
as pieriously explained (p. 87). Elements which have a stronger 
affinity for carbon than hy d r ogen, such as chlorine^ tenralent nitrogen 
in the amino group, oxygen in hydroxyl, &&, attach themselTes 
more firmly than saturated atoms, such as nitrogen in the nitro 
group and in q[uinquevalent salts of amino compounds, carbon in 
cuboxyl, and sulphur in the sulphonic acid group, Ac The former, 
by absorbing more of the affinity of nuclear carbon, lessen the 
amount which link the ortho carbon atoms, leaving a larger quantity 
available in the ortho and para positions, for the attachment of new 
snbstituents, whilst the latter, which are leas firmly attached, will 
leave more available for attachment in the meta position. If the 
strength of affinity be denoted by thick and thin lines the distribu- 
tion in the case of chlorine and the sulphonic group will appear as 
followa: 




Such apparent anomalies as the entrance of the nitro group into 
the para position in phenylacetie add and into the meta position in 
phenylglydne is explained in the same way by a different 
tion of affinity. 

PhenjrUeetie acid. 

CyB,— CH— OC 

I N)H 

NH, 

PbenylgljeliM. 
< J. fraU. CkMk, 1902, 60, 181 ; 1906» 71, 491 
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But this explanation is scarcely satisfactory, for, as ObormOler 
points out» methyl, which is a saturated group and therefore weakly 
attached, produces ortho-para suhstitution in place of meta. 

Without discussing in detail the other weak points in the theory, 
attention may at least be directed to one, namely the difficulty of 
explaining why ortho substitution in the first case should occur to 
the exclusion of meta, and why in the second case meta substitution 
should be produced to the exclusion of ortho, seeing that in both, the 
ortho and meta carbon atoms are joined by a weak and strong 
affinity, and have consequently a precisely equal affinity value. 
Moreover, as Holleman observes, the idea of a strong and weak 
attachment is purely relative ; there is no definite line of demarcsp 
tion, nor has any group a fixed and unalterable affinity value in 
relation to the nucleus. The nitro group in nitrobenzene is extremely 
stable compared with the fourth nitro group in tetranitrophenol, which 
water will remove in the form of nitrous acid. 

Tschitschibabin's theory of substitution ' bears a close resemblance 
to that of FlQrscheim. It is based upon the principle already 
explained (p. 87) that unsaturated atoms mutually saturate one 
another up to a certain point, and that in consequence the carbon 
atoms in benzene are more saturated than the four in dihydrobenzene 
or the two in tetrahydrobenzene. Unsaturated groups, such as NH^, 
by appropriating some of the affinity of the carbon atom of the ring 
leave less at the disi>osal of the latter, and consequently the ortho 
and also the para carbon atoms are leas saturated. Nitrogen in the 
nitro group is, however, more saturated than in the amino group, and 
consequently the attached carbon atom is less saturated and has more 
affinity at the disposal of the ortho carbon atoms, which leaves leas 
for the meta carbon atoms. The meta carbon atom is thereby less 
saturated. Aldehyde and carboxyl groups behave in the same way 
as the nitro group and for the same reasons. According to this view 
methyl should have a meta orienting effect, which is exactly the 
reverse of the fsLct Tschitschibabin supposes that unsaturation is 
manifested by addition to the unsaturated atoms, and that it may 
occur either with nuclear carbon or hydrogen or with the atoms of 
a side-chain according to the character of the unsaturated atom or 
group and the nature of the addendum. He represents the process 
by the following schemes, in which X represents the substituent and 
TZ the addendum. 



' J. i^akL rtum., 1918, 80, 397. 
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In this wmy the ortho-para and the meta Uws of sabetitution are 
explained, but the method of addition scarcely accords with modem 
TiewB. The main difference between this and the former theory 
ennmn to be that whereas FlOrseheim regards each group as appro- 
priating a definite amount of chemical affinity onder all circom- 
sfanftfw, nnsatnration, according to Tachitschibabin, is a Tsriable 
quantity depending on environment. 

It appears to us that the author confuses the notion of affinity as 
manifested by saturated and unsaturated atoma Unsaturated atoms 
are, like oppositely charged conductors, at a higher potential than 
aaturated atom& Saturated atoms have a lower energy content and 
therefore exhibit a firmer union. This firmer union will affect both 
mtofms alike, and the second will lose as much ficee affinity as the 
first and will therefore not gain by the transaction as Tschitschibabin 
seems to assume. 

To explain the laws of substitution Obermiller' adopts the Claus 
diagonal formula for benzene, where each carbon atom of the 
iradeas is simultaneously linked to an ortho and pan carbon atom 
which are thus similarly connected. He also regards substitution as 
a direct process not preceded by addition. 

Subetituents are divided into two classes : those which promote 
substitution and those which hinder it The orienting effect of the 
first is directed towards the ortho and para positions, that of the 
seeond towards the meta position. 

The division is not very clearly marked, and depends on the ease 
or difficulty with which the seeond and third member of the sub- 
stituting group can be introduced into the nucleus. The meta- 



* Dig orientifrenden SimfiuMM whI der Bnmtkem, bj J. Obeimillar. J. A. Bar:h, 
Leipzig, 1909. 
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orienting influence of such groups as NO2, SO3H, and COjH is put 
down to steric hindrance due to the space occupied by the group. 
This effect may under certain circumstances be suppressed if the 
orienting influence of an ortho-para substituting group is present^ as, 
for example, in the nitration of m-chloronitrobenzene when the 
second nitro group under the orienting influence of the chlorine 
atom enters the ortho position to the first group. Then, it may be 
asked, why does the nitro group frequently enter the ortho position 
rather than the para, where steric hindrance would have less effect ? 

Obermiller attempts to show that a low temperature and a slower 
rate of reaction overcome steric hindrance, and he cites the case of 
sulphonating phenol in the cold and in dilute solution, which yields 
the ortho-sulphonic acid mainly, whereas higher concentration and 
higher temperature give the para compound. 

In other respects Obermiller adopts Werner's theory of valency, 
and his views, though somewhat differently expressed, bear a certain 
resemblance to those of FlQrscheim. A weak affinity between the 
first substituent and nuclear carbon will strengthen that between the 
carbon atoms in the oi*tho and para position and weaken the affinity 
of the latter for hydrogen, which is more easily replaced in con- 
sequence. The closer the union between atoms, the greater will be 
their mutual influence, so that the ortho carbon atoms will be more 
affected by substitution than those in the para position ; but sterio 
hindrance may supervene and reverse the result. If steric hindrance 
prevents substitution in the para position as well, then meta substi- 
tution will occur. 

The author, in short, lays down so many rules and assimiee so 
many modifying circumstances that it is not surprising to find that 
the examples given fit in satisfactorily with one or other of the 
possible explanations. 

Holleman has suggested a less speculative and more reasonable 
explanation. Assuming Kekul^'s formula for benzene, he supposes 
a radical X, being already present in the benssene nucleus, may 
promote or retard addition of the new substituent to the adjoining 
double bond. If it promotes addition, an ortho compound will 
result. Conjugation may cause addition in the para position, accord- 
ing to Thiele's theory (p. 188), in the same fashion. On the other 
hand, the addition in position 2 . 8 is uninfluenced by X, as it does not 
adjoin the double bond. In other words, addition is influenced by 
X in positions 1 . 2 and 1 . 6, but not in 2 . 8. The idea may be 
illustrated in the following manner. Let us suppose C^^^X, to be 
nitrated ; three additive compounds may be formed. 
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OH 
H 

NO. 



Ortho. 



Meta. 



By subsequent removal of water a para, ortho, or meta nitro-compound 
is produced. If X accelerates the reaction, substitution follows the 
pararortho rule, which may lead to the exclusion of any meta com- 
pound. If X has no such accelerating action, smaller or larger 
quantities of meta compound will be formed. Examples are afforded 
by the nitration of phenol and toluene. In the firat case, where the 
rate of the reaction is high, ortho and para nitro-compounds only are 
formed ; in the second, where the rate is slower, a certain amount of 
meta compound is produced. If X has a retarding effect, addition at 
2 . 8 predominates. This view fits in very neatly with the obserya* 
tion that meta compounds are often accompanied by smaller quanti- 
ties of ortho, for here the first addition occurs at 2 . 8 and then at 
2 . 1, in which position 2 is common to both. 

Collie,^ by means of a model in which the carbon atoms with the 
attached hydrogen revolve, has illustrated the movement of the 
carbon atoms of benzene, whereby it is made to pass through various 
phases. These phases may be represented in a plane by means of 
figures in which the Eekuld and centric formulae recurrently appear, 
as representing certain states of the nucleus. 
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Supposing addition to the original unsaturated substituent to 
precede substitution, the orientation of the newly attached group will 
be dependent on the phase in which the addition occurs. If nitro- 
benzene were chlorinated, an additive compound CQH.3NO2 . Gl^ will 
first be formed. In the first phase we may suppose the NO2 group 
to occupy the position of one of the external hydrogen atoms, and, in 



^ Trana, C/im. Soc, 1897, 71, 1018. 
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the last, that of one of the internal hydrogen atoms. In the latter 
position chlorine would he brought into close contact with the 
hydrogen atoms and substitution would take place in the meta 
position. 




But, on the other hand, when nitric acid is allowed to react with 
chlorobenzene, no such additive compound would be formed, and the 
attraction of the three hydrogen atoms attached to the 2.4.6 carbon 
atoms might be just sufficient to determine its reaction with them 
and so produce ortho and para compounds. 




tod 




It must be confessed that the second explanation is not quite so 
convincing as the first. 

Lapworth ^ bases his views on the dyad and triad type of isomeric 
change (Part 11, p. 318) in which migration occurs from an a to a /3 
atom with change of valency and from an <x to a y atom with change 
of linkage. 
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The idea has been extended by introducing a double migration, 
taking place successively in opposite directions, thus : 
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A:B.C 
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1 Tians, Chem. Soc, 1898, 73, 445; 1901, 78, 1265. 
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which may recur through a series of alternate singly and doubly 
linked atoms such as exist in benzene (Kekul^'s formula). 

The process is illustrated by isomeric change from side-chain to 
nucleus, as for example in the case of benzenesulphamic acid, when 
a sulphonic acid group wanders from nitrogen to the nucleus to form 
ortho and para anilinesulphonic acids (Part II, p. 871). 



a 
KH-SO,H 




NHa 
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The sulphonic group wanders to the first y atom in the ortho 
position and to the next y carbon in the para positluu, whilst the 
hydrogen it displaces, wanders in the opposite direction. 

The meta change is effected in the same way by migration in two 
directions ; but owing to the unsaturation of the side-chain, the 
wandering group is farther removed from the nucleus. This may be 
illustrated in the case of the sulphonation of nitrobenzene. 

aO 



iSN 



II /OH 



/ 



OSO,H 



a-" 



/\ 



\y' 



HOv .OH 

||\0S0»H 



\/ 




In this case the hydrogen migrates firom the first y position to the 
next y position and thenpe to the oxygen of the nitro group, and the 
sulphonic groups make the reverse journey. 

The conditions underlying the meta rule are formulated by 
Ijapworth as follows : ' Where a substitution product is formed by 
isomeric change of a product of addition or substitution in the side- 
chain in which the substituting radical is separated from the benzene 
nucleus by two intermediate atoms, a meta substitution derivative must 
be produced or replacement of the side group by the new substituting 
radical will occur.' 

Direct substitution in the nudeus is, according to Lapworth, deter- 
mined by addition followed by cleavage as formulated by Armstrong 
and Holleman. 
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THE AROMATIC HYDROCARBONS 



Slactronic Theory of Subrtitatidn. H. S. Fry ^ has elaborated 
an interesting theory of substitution, which is based on the assump- 
tion that the atoms can either give or absorb electrons, or, in other 
words, can function both with positive and negative valencies, and 
that it is this opposition of electronic characters which bind the. 
atoms in a molecule. Benzene is, therefore, represented by a ring 
of carbon atoms, linked alternately by positive and negative valencies 
to the positive and negative valencies of hydrogen. 




This being assumed, it follows that in the formation of di-deriva- 
tives the dominant valency in the ortho and para position to the sub- 
stituent group will be of the same sign, that in the meta position of 
opposite sign. Thus, a positive group will attach itself to a G - 
atom and a negative group to a G + atom. Similar atoms and 
groups should therefore substitute in the meta position and groups 
of different sign in the ortho and para positions. But in chlorina- 
tion, the chlorine atoms form ortho and para di-derivatives. How 
is this explained ? Every atom or group may react by virtue of its 
+ or — valencies and may be + in one compound and — in another, 
or, indeed, both + and — in the same molecule, such, for instance, 
as the atoms in the chlorine molecule, or the two carboxyl groups in 
phthalic and terephthalic acids. 

The theory, moreover, demands the existence of two mono-deriva- 
tives in which the substituent is attached to an electropositive or an 
electronegative carbon atom by an electropositive or negative valency. 

- -I- + - 

CaHgX and CeHjX 



The difficulty is overcome by assuming a form of tautomerism, 

^ J. Amor. CSIm. Soc, 1912, 84, 664; 1914, 36, 248, 262, 1086: 1916, 87» 856. 
2868 ; 1916, 88, 1828. 
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termed by the author electroniCj in which isomeric equilibrium be- 
tween the two forms is supposed to exist. 

The same kind of electronic tautomerism may occur in other 
compounds, such as nitric acid. 

- + + - 

HO.NO2 ^ HO.NO2 

The theory^ in short, is so mobile, so adaptable and so ingeniously 
applied as to explain most of the fJEicts of substitution as well as 
many reactions of aromatic compounds ; but cannot be discussed in 
greater detail.^ 

' The theory has, however, not escaped criticism : se^ HoUeman, J, Amer, 
Ckem, 36c, 1914, S6, 2495. 
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CATALYTIC REACTIONS OF ORGANIC COMPOUNDS 

Catalytic Beduction. Platinum and palladiuni in conjunction 
with hydrogen have been frequently used as reducing agents, and it 
has long been known that unsaturated hydrocarbons could be con- 
verted into paraffins and the oxides of nitrogen into ammonia by 
passing a mixture of the vapour or gas and hydrogen over the heated 
metal. The process is a typical catalytic or contact reaction, inasmuch 
as the metals greatly accelerate reduction without undergoing any 
fundamental change in composition or quantity, or bearing any mole- 
cular relation to the amount of material transformed. 

It is not our intention to enter on a discussion of the mechanism 
of the process, about which there is some diversity of opinion, but 
merely to record its application in organic synthesis. 

Bredig^ was the first to obtain colloidal platinum by passing 
a current between electrodes of the metal below the surface of water. 
The metal appears to pass into solution, but the latter has none of 
the physical characters of a true solution, for it neither diffuses 
through animal membranes nor exhibits osmotic pressure. It is 
a pseudo or colloidal solution. He noticed its reducing action on 
nitrites and its effect in bringing about the union of hydrogen and 
oxygen. 

In 1902' Paal found that colloidal solutions of metallic oxides and 
metals could be produced by adding alkali to the metallic salts in 
presence of the sodium salts of protalbinic and lysalbinio acid (hydro- 
lytic products of protein), which act as ' protecting agents '. Later,' 
he prepared colloidal palladium, platinum, and indium by a similar 
method, using first hydrazine sulphate and afterwards free hydrogen 
as the reducing agent The colloidal solutions in water and alcohol 
are very active, and in presence of hydrogen reduce such substances 
as oleic, cinnamic, maleic, and fumaric acids, to the saturated 
condition. 

Wallach * has since carried out numerous experiments by Paal*s 
palladium method and finds that ethylene compounds can be reduced, 
no matter where the ethylene bond occurs, and that the reduction 
can be effected with or without solvent and at the ordinary tempera- 
ture, thus excluding the possibility of isomeric change. The reaction 

^ Ancyrganische Fermentef hy G. Bredig. Leipzig, 1901. 
» Ber., 1902, 36, 2195, 2206, 2227. 

s Ber.y 1905, 88, 1406, 2414; 1907, 40, 2209; 1908,41, 805, 2273; 1909. 42. 
8080. 

* ^nnaZen, 1911, 881, 52. 
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can be so regulated that the ketone group in otfi unsaturated ketones 
is only slightly attacked. 

In the meantime Fokin, who had been experimenting on electro- 
lytic reduction with different metals as electrodes, found that those 
metals which are known to occlude hydrogen have the strongest 
reducing action. He subsequently observed that the solvent also 
plays a part, and that whilst one solvent will promote, another will 
prevent reduction. 

Later ^ he introduced platinum and palladium black, and showed 
that oleic acid in ether solution in presence of these metals is reduced 
to stearic acid by passing in hydrogen at the ordinary temperature 
or in presence of nickel and cobalt at a high temperature. With 
colloidal platinum he succeeded in reducing a number of unsaturated 
organic acids and also acrolein, nitrobenzene, &c., but not the 
aromatic hydrocarbons. 

Willst&tter ' then took up the subject and improved and simplified 
the process of reduction by using colloidal platinum, prepared 
according to Ldw.' The method consists in reducing platinic 
chloride with formaldehyde in alkaline solution. The precipitate is 
then washed by decantation, until the platinum hydrosol begins to 
pass into solution, and filtered. The product, which is carefully 
excluded from the air, is very active, and is capable, in presence of 
hydrogen, of effecting the complete reduction, not only of unsaturated 
compounds, but also of benzene and naphthalene, which yield cyclo- 
hexane and decahydronaphthalene respectively, and other aromatic 
hydrocarbons and compounds such as phenol and benzoic acid, which 
give the hexahydro-derivatives. The colloidal metal can be used 
with various solvents. In the examples named, glacial acetic acid 
was added to the substance. The reducing activity is, however, 
dex)endent on the absence of certain substances, especially sulphur 
coaipounds, which appear to arrest the action completely. 

Skita^ has introduced palladious chloride in aqueous or alcohol- 
aqueous solution in presence of gum arabic as protective colloid. 
Under the action of hydrogen the palladium salt is reduced to the 
colloidal metallic condition and has effected the reduction of a number 
of organic compounds such as unsaturated ketones of the aliphatic 
and aromatic series. 

<l-Pulegone was reduced by hydrogen at two atmospheres pressure 
in presence of colloidal platinum to {2-menthone; other reducing 

* Chan. ZenirdtbL, 1906f vol. ii, p. 768 ; 1907, vol. ii, p. 1824. 

s Bsr., 1908, 41, 1475 ; 1912, 45, 1471. * £«r., 1890, 23, 289. 

* Ber,, 1909, 42, 1627 ; 1910, 48, 8898. 

x2 
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agents yield the laevo compound. In mesityloxide the ethylene 
group is reduced, but the ketone group remains intact, and the 
same is true of phorone; but by raising the pressure to five 
atmospheres the latter is converted into methyl isobutyl carbinol. 
Whilst Sabatier and Senderens' method (see below) leads to the rupture 
of the cyclopropane ring in thujene, Tschugaeff ' found that platinum 
black and hydrogen at the ordinary temperature gave thujane. 
Rise of temperature also has an effect Phenanthrene, for example, 
when reduced with palladium at the ordinary temperature yields 
tetrahydrophenanthrene, but at 160° the octahydride is formed. It 
will be seen from the foregoing examples that the action of finely 
divided platinum and palladium affords an effective and easily 
regulated reduction method of very extended application. 

The Sabatier-Sendereiis Method.' The method consists in 
passing the vapour of the substance to be reduced, mixed with pure 
hydrogen, over finely divided nickel and certain other metals at an 
optimum temperature. The process originated in the observation 
that certain metals could be made to combine with nitrogen perozidei 
An attempt to produce similar compounds with acetylene led the 
authors to pass the gas over finely divided metals (nickel, cobalt^ 
iron, and platinum), with the result that it decomposed with incan- 
descence. Further experiments carried out with ethylene at a tem- 
perature of 300° yielded a similar result ; carbon was deposited, but 
the gas evolved proved to be ethane. Thus the saturated hydro- 
carbon was probably formed at the expense of the hydrogen of the 
unsaturated compound. This led the authors in 1899 to study 
the reducing action of finely divided metals, in conjunction mdth 
hydrogen, on a variety of organic compounds. Nickel proved to 
be the most active, but cobalt^ iron, copper, and platinum i^ere 
also found to effect reduction, the activity varying in different 
cases. Thus only nickel and cobalt can hydrogenate the aromatic 
nucleus. 

Copper is less active than nickel, and in certain cases whexe the 
latter catalyst carries the reduction too far, metallic copper may be 
substituted. Very important factors are temperature and pressure, 
for it appears that these are probably reversible reactions^' in 
which the balance may shift under var3^ng conditions. This will 
explain the existence of an optimum temperature for each reaction 
and the change of product with change of pressure. It is usual to 

1 CompL rend,y 1910, 151, 1058. 

> Ber,, 1911, 44, 1984. See also, La CaUdyse en CMmie Organiqu^ by P. Sabatior 
B^ranger, Paris, 1918. 
* IpaUew, Ber., 1907, 40, 1270. 
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explain the reducing action of the metal by the formation of an 
unstable hydride, a view which accounts for the numerous cases of 
dehydrogenation, when the metal robs the compound of its hydrogen. 
But Ipatiew's discovery of the almost equally efficient action of nickel 
oxide, especially in presence of hydrogen under pressure, seems to 
point to the intermediate formation of water, which, according to 
Ipatiew, loses its hydrogen in an active form, regenerating the 
metallic oxide. The view receives some confirmation from Brunei's 
observation' that phenol is readily reduced to cyclohexanol by 
vaporising the phenol, previously liquefied, by the addition of water^ 
that is, in presence of water vapour. The advantage of the Sabatier- 
Senderens over the preceding methods is the rapidity of the process 
and the large quantities of material which can be treated in a short 
time ; its defect is the necessity of using rather high temperatures 
(160-200°) and the consequent difficulty of avoiding secondary 
reactions, polymerisation, isomeric change, and occasionally carboni- 
sation. 

The operation is conducted as follows : to obtain a large metallic 
surfAce, pieces of pumice are soaked in nickel nitrate solution and 
heated to convert the nitrate into oxide. The pumice is then intro- 
duced into a hard glass tube about two to three feet long and placed 
in a hot-air furnace. The oxide is reduced at a temperature of 320- 
S50° in a current of hydrogen, carefully purified and freed, more 
especially, from traces of sulphur and halogen, which destroy the 
activity of the catalyst. The temperature is then regulated according 
to the nature of the substance to be reduced, which is introduced 
-with the hydrogen in a steady stream. If gaseous, the two gases are 
admitted simultaneously; if liquid, the substance is dropped from 
a tap-funnel into the end of the tube; if solid, it is melted and 
valorised in a current of hydrogen. 

"We wiU now consider briefly the effect of this method of reduction 
on various organic compounds. Among the earliest experiments 
conducted by Sabatier and Senderens was the reduction of carbon 
monoxide and dioxide. The former at 250° and the latter at 300° yield 
methane and water. 

Olefines and Acetylenes. The interesting observation was made 
that when acetylene is reduced with excess of hydrogen at 200°, 
liquid condensation products are formed, consisting mainly of 
paraffins and closely resembling American petroleum. A second 
treatment of the material produced a certain quantity of hydro- 
aromatic hydrocarbons or naphthenes corresponding in character to 

1 OmpC rmd., 1904, 137, 1268. 
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the Caucasian product, whilst if the reduction was conducted at 
300^ some of the hydrocarbons were converted into unsaturated 
cyclic hydrocarbons and the product resembled Galician petroleum, 
in character. 

The higher acetylenes behave differently. Diacetylene with copper 
as catalyst yields ethylbenzene and other substances in smaller 
quantity ; nickel, on the other hand, yields ethylcyclohexane. The 
difiference between the two catalysts js also brought out in the case 
of heptine CyHij; copper giving heptene C7H14 and polymerisation 
products (di- and tri-heptene), and nickel effecting complete reduction, 
to heptane. This difference in action of the catalysts is explained 
by Sabatier on the assumption that the metal, under varying con> 
ditions of temperature, is capable of forming different hydrides, and 
thus producing lower and higher states of hydrogenation. 

Aramatic Hydrocarbons, Aromatic hydrocarbons (benzene and 
homologues) are readily converted into hexahydro-derivatives at 
180% and compounds with unsaturated side-chains yield the corre* 
spending cycloparaffins. Styrene gives ethylcyclohexane, dipentene 
forms menthane, camphene yields dihydrocamphene, bornylene 
gives camphane^ and pinene forms pinane. In the first experiments 
with naphthalene and acenaphthene, tetrahydro-denvatives were 
obtained. Since then, by working at lower temperatures, the deca- 
hydride of naphthalene, the tetra-, octa-, and tetradecahydrides of 
anthracene, the di-, tetra-, and dodecahydride of phenanthrene, and 
the decahydride of fluorehe have been prepared. 

Aldehydes and Ketones, Aliphatic aldehydes and ketones with 
nickel as catalyst are readily reduced to alcohols. By this method 
the formation of pinacones from ketones is avoided. Aromatio 
aldehydes such as benzaldehyde give benzene and carbon monoxide, 
whilst aromatic ketones give the corresponding hydrocarbons. The 
diketones, such as benzil and benzoin, also react smoothly, yielding^ 
dibenzil, and the quinones are easily converted into the corresponding 
quinol ; in the case of benzoquinone the nucleus may also be reduced, 
and quinitol is formed. 

Phenols, At a temperature of 215-230° the mono- and poly- 
hydric phenols are reduced to cyclohexanols, and a and fi naphthol 
form the decahydrides. If the temperature is too high they 
may lose hydrogen, giving the cycloketone. This elimination of 
hydrogen is exemplified in the case of the alcohols, which, with 
copper as catalyst, form aldehydes or ketones, and the latter in turn 
may lose carbon monoxide, and finally pass into hydrocarbons. 
An interesting example is that of allyl alcohol, which by loss of 
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hydrogen is partly converted into acrolein and partly by further re- 
duction into propionaldehyde. At a lower temperature it is wholly 
converted into propyl alcohoL Benzyl alcohol yields benzaldehyde 
at 300° and benzene and carbon and carbon monoxide at 380^ 
Furyl alcohol is, however, reduced to methyl furfurane. 

Unsaturated Ketones. In substances like mesityloxide, the ethy- 
lene, but not the ketone, group is reduced ; unsaturated cyclic 
ketones, on the other hand, can be converted into cyclohexanols if 
the temperature is kept low and the speed regulated so that a large 
excess of hydrogen is present. In this way pulegone has been 
converted successively into pulegomenthone and pulegomenthol, 
carvone into dihydrocarveol, and thujone into thujol. 

Unsaturated Acids and Esters of the aliphatic and aromatic series 
are readily reduced to the saturated condition. Acrylic acid is con- 
verted into propionic acid, oleic acid into stearic acid, and cinnamic 
acid into phenylpropionic acid. The esters, such as the unsaturated 
animal and vegetable oils, behave similarly. The process known as 
' the hardening process ' has become of great technical value. The 
liquid fish-oils become solid and the unpleasant smell is entirely 
removed on reduction. 

Acids and Anhydrides. Acetic acid passed over heated copper 
at 400° breaks up into methane, carbon dioxide, and acetone ; with 
zinc dust at 250° it gives acetone ; propionic acid and the higher 
acids yield a mixture of aldehyde and ketone (propionaldehyde 
and diethylketone). Acetic anhydride with nickel breaks up into 
acetaldehyde and acetic acid. The nucleus in aromatic acids has 
not yet been reduced by this method. The effect on phthalic 
anhydride is to give phthalide. 

Nitra-compounds are reduced to amines. Nitrobenzene passed 
over copper at 300° yields aniline, and other nitro-compounds behave 
similarly, whilst if nickel, the more powerful catalyst, is employed, 
the aniline breaks up into benzene and ammonia. Aliphatic nitro- 
compounds are less sensitive to nickel, and yield the amine at 
150-180°. 

Compounds such as oximes, cyanides, isocyanides, and isocyanic 
esters, which yield amines by other methods of reduction, are reduced 
in the same way by nickel and hydrogen. With aliphatic cyanides 
the product, as a rule, is not a single primary amine, but a mixture 
with the secondary and tertiary base, in which the secondary amine 
predominates. The latter is produced by union of two or more 
molecules of the primary amine, with elimination of ammonia. In 
the case of aromatic cyanides, cleavage into hydrocarbon and 
ammonia occurs. Phenyl cyanide gives toluene and ammonia. 
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Isocyanic esters and carbamines give secondary amines, but the 
reactions are complicated by secondary processes. 

C2H5NCO + 3Ha = CgHfiNHCHs + Bfi 
C2H5NC + 2H2 = C2H5NHCH3 

Like the aliphatic cyanides, the aliphatic aldoximes give primary, 
secondary, and tertiary amines, in which the secondary amine pre- 
dominates, whilst the cyclic oximes, such as acetophenonoxime, give 
in addition the unsaturated hydrocarbon. It is a remarkable fact 
that the esters of nitrous acid yield amines on reduction just like 
the isomeric nitroparaffins. 

Aromatic Bases. The effect of temperature on the product of 
reduction is well illustrated in the case of aniline and other aromatic 
bases. Passed over nickel at a high temperature aniline breaks 
up into benzene and ammonia: at 190^ it yields a mixture of 
cydohexylamine, dicyclohexylamine NH(CeHii)2, and phenylcyclo- 
hexylamine CeHgNHCeHii ; at 160-180° cydohexylamine alone is 
formed, and the homologous amino compounds are readily reduced 
in the same way. Benzylamine, however, breaks up mainly into 
toluene and ammonia, with the formation of little of the cyclohexane 
derivative. The only satisfactory method of obtaining hexahydro- 
benzylamine is to utilise the Sabatier-Senderens synthesis of amines 
by passing a mixture of the alcohol and ammonia over heated 
thoria. Though attempts to reduce pyridine failed, the ring breaking 
and giving rise to amylamine, quinoline was converted into the 
tetrahydro-derivative by reduction of the pyridine nucleus, and 
pyrrole into pyrrolidine. Indole, curiously enough, breaks up and 
gives o-toluidine, and acridine forms (x)3-dimethyl quinoline, in 
which one benzene ring is opened. 

Halogen Compounds. The general effect of the process on 
halogen compounds is either to remove the halogen, which is 
eliminated as halogen acid, giving the unsaturated hydrocarbon, or 
simultaneously to replace it by hydrogen. The aliphatic mono- 
chloro compounds break up at 260° into hydrogen chloride and the 
define ; 2.2 dichloropropane gives chloropropylene. Ghloro- and 
bromo-benzene lose halogen and yield benzene. 

Zpatiew's Method. The first experiments of Ipatiew were 
directed to the study of the pyrogenetio effect of different catalysts 
at high temperatures (600-800°), in the course of which he was able 
to show that a common result of such a process was the removal 
of hydrogen and also oxygen. In this connection, iron and zinc, that 
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is, easily oxidisable metals, were found to be peculiarly active. 
Alcohols passed through iron tubes, or tubes containing zinc, were 
converted into aldehydes and ketones, along with olefines formed 
by removal of water. 

A variety of catalysts, including alumina and other metallic oxides, 
were examined, with interesting results, some of which corresponded 
closely with those obtained by the Sabatier-Senderens process. 
A novelty in the method was afforded by the use of hydrogen at 
high pressure, which was proved to accelerate the process. Ipatiew 
showed, for example, that ethylene in presence of alumina and 
hydrogen at a temperature of 400-450*^ and at a high pressure 
underwent polymerisation and reduction, yielding paraffins. Acetone^ 
which undergoes no change in an iron tube at 400° with hydrogen 
at the ordinary pressure, is converted at 100 atmospheres to the 
extent of one-fourth into isopropyl alcohol. 

A further development of the method was the action of the two 
oxides of nickel^ on unsaturated compounds in presence of hydrogen 
at a pressure of 100-120 atmospheres. Benzene was completely 
reduced to cyclohexane at 250° in one and a half hours, with one-tenth 
of its weight of nickel oxide, the rate of reduction being therefore 
greater than with the metal. Other aromatic hydrocarbons, ketones 
and bases, phenols, terpenes, and quinoline were reduced more 
rapidly than in the Sabatier-Senderens process, and, in addition, the 
alkali salts of aromatic acids such as benzoic, phthalic, and ^S-naphthoic 
acids, which are unaffected by the free metal, yielded the hexa- 
bydro compounds in the first two. cases and the tetrahydro and deca- 
hydro acids in the last. Copper oxide can in some cases replace 
nickel oxide with advantage.' The great difference in the rate of 
reduction seems to point to some other action than that of the metal 
and hydrogen. Ipatiew explains the process by supposing reduction 
of the nickel oxide to occur with the formation of water, which 
re-forms oxide and liberates active hydrogeiL 

Among reducing catalysts should be included metallic iron in 
its action on nitro-compounds, for it is well known that much 
less than the theoretical amount of hydrochloric acid is required for 
reduction. The process is explained by the alternate change of 
ferrous chloride into the magnetic oxide and reconversion into 
ferrous salt. 

Dehydrogenation. It has already been pointed out that the above 
process^ especially at higher temperatures, is reversible, and may 

« 

» Ber,, 1907, 40, 1270, 1281. " Bar., 1909, 42. 2089. 
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lead to the elimination of hydrogen. Thus it has been shown that, 
with copper at 250-800^, the primary alcohols yield aldehydes, the 
secondary alcohols from ketones ; tertiary alcohols, on the other hand, 
give olefines. Geraniol may be converted into citral, bomeol into 
camphor, and menthol into menthone. Cyclohexanes pass into aro- 
matic hydrocarbons. Cyclohexanols above 350^ tend to revert to the 
phenol, the cyclohexylamines to the amino compounds ; the dodeca- 
hydride of anthracene loses six atoms of hydrogen at 200^ and eight 
atoms at 260^, reverting to anthracene at 310°. At 300° piperidine 
is converted into pyridine. 

Paraffins also lose hydrogen, and apparently break down into un- 
saturated groups, CH3, CH2, CH, which reunite to form new saturated 
and unsaturated hydrocarbons. The results are much the same as 
those obtained by Berthelot by the thermal decomposition of the 
paraffins, but, in presence of a catalyst, are produced at a much lower 
temperature. 

Dehydration. Whilst metallic catalysts are chiefly effective in 
adding or removing hydrogen, the metallic oxides, such as anhydrous 
alumina, thoria, the blue oxide of tungsten (W2O5), and, as Ipatiew 
has shown, aluminium phosphate and silicate, possess a dehydrating 
action.^ At temperatures of 300° to 350° the alcohols (with the 
exception of methyl alcohol, which gives methyl ether) are converted 
into the corresponding olefines. Ethyl alcohol forms ethylene, and 
bomeol gives menthene, &c. Two catalysts, such as copper and 
alumina or thoria, may thus produce essentially different reactions, 
for, with the metal, the alcohol loses hydrogen and yields aldehyde ; 
but with the oxide it loses water and gives the define. According to 
Sabatier,^ both reactions are determined by a labile union of the 
catalyst with the compound, which differ, however, in the nature of 
the products. The action of a dehydrating and a reducing catalyst 
may sometimes be combined, so that the define is first formed and 
then converted into the saturated hydrocarbon.' Carvomenthol has 
been converted in this way into menthane (Part III, p. 230). 

The dehydrating action of metallic oxides can also be accompanied 
by the addition of other groups, and Sabatier and Mailhe' have 
succeeded in preparing primary and secondary amines by passing 
a mixture of alcohol and ammonia over heated thoria at temperatures 

1 Ipatiew, Ber., 1904, 37, 29S6 ; Sabatier and Mailhe, Ann. Chem. Phys.^ 1910, 
20, 841. 

s Sabatier and Murat, Campt. rend., 1912, 155, 885; Ipatiew, Ber., 1912, 45, 
8205 ; Ber.f 1911. 44, 2000. 

» Comp. rencU, 1911, 158, 160. 
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between 250° and 850°. Thus, propyl alcohol and ammonia give 
a mixture of propylamine and dipropylamine, 

CSH7OH + NH3 = CgHiNHa + H2O 
C H^OH + CaH^NHa = (C.H^JaNH + H^O, 

and benzyl alcohol yields benzylamine and dibenzylamine. 

In the same way mercaptans can be prepared by the action of the 
catalyst on a mixture of alcohol vapour and hydrogen sulphide. 
Ethyl alcohol, for example, gives ethyl mercaptan. 

CaH^OH + HjS = CaH.SH + H^O. 

Esterification has also been effected in a similar fashion by passing 
the mixed vapours of alcohol or phenol and an organic acid over 
a metallic oxide. In this last reaction titanic oxide is more effective 
than thoria. With phenols and thoria as catalyst, diphenyl ethers 
are formed.^ 

Finally, thoria, alumina, lime, and other oxides at temperatures of 
350*^ and 400° convert aliphatic acids and those aromatic acids with 
carboxylin the side-chains, such as phenyl acetic and phenyl propionic 
acids, into ketones, whilst a combination of the acid and formic acid 
gives the aldehyde. In the latter case titanic oxide is the most 
effective catalyst. 
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Catalytic Oxidation. The earliest use of catalysts in oxidation 
is to be ascribed to H. Davy, who used platinum in effecting the 
union of hydrogen or marsh gas with oxygen, a phenomenon which 
was afterwards utilised by D5bereiner in his lamp. Here a jet of 
hydrogen was made to impinge upon a surface of platinum upon 
which oxygen was occluded ; oxygen combined with the hydrogen, 
raising the platinum to incandescence and bringing about ignition of 
the jet. A later application of platinum as an oxidising agent was 
that by Hofmann to the preparation of formaldehyde, which LOw 
afterwards modified by replacing the platinum by copper. Colloidal 
platinum or copper was found to produce the same effect when air 
at the ordinary temperature was passed through methyl alcohol con- 
taining the metal in solution. Platinum black moistened with 
ethyl alcohol and exposed to air is converted into acetic acid, and 

^ Sabatier and Mailhe, Comp. rend,, 1912, 165, 260. 
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other organic compounds have been oxidised in a similar fashion. 
Cerous oxide, which, exposed to air in alkaline solution, passes into 
the trioxide, can bring about oxidation, though its use in organic 
chemistry is restricted. Vanadium in the form of oxide has been 
used along with chlorates in the production of aniline black from 
aniline, and the oxide of vanadium or ammonium vanadate has also 
been utilised in modifying the action and increasing the yield of oxalic 
acid by the action of nitric acid on sugar. But the most interesting 
of oxidising catalysts are iron in presence of hydrogen peroxide, and 
mercury or mercuric sulphate in presence of sulphuric acid. 

The use of hydrogen peroxide in presence of a trace of ferrous 
salt was introduced and studied by Fenton^ and has proved an 
invaluable reagent. Its action was first applied t6 the oxidation of 
tartaric acid, which is converted into dihydroxymaleic acid and later 
to that of the polyhydric alcohols, which are oxidised mainly to 
aldoses. Hydroxy acids are also readily attacked,' yielding aldehydio 
or ketonic acids. 

Ruff' modified the method for preparing aldoses by oxidising the 
hydroxy acid obtained from one sugar, by means of Fenton's reagent^ 
to the lower aldose of the series (Part III, p. 8). 

It may be added that Dakin* has shown that normal saturated 
fatty acids and their phenyl derivatives may be oxidised to /^-hydroxy 
and ^-ketonic acids by the action of hydrogen peroxide on the acid 
without the addition of iron or its salta 

The first example of oxidation by the use of mercury in strong 
sulphuric acid was that of naphthalene, which at a temperature of 
about 275^ is rapidly attacked and converted into phthalic acid. 
Anthraquinone is converted by the same process into hydroxyanthra- 
quinone, and by protecting the hydroxyl groups by esterification 
with boiic acid a hexahydroxyanthraquinone has been formed. The 
oxidation of aniline is greatly accelerated by the presence of mercuric 
sulphate at 275^ The use of persuiphates in presence of silver 
peroxide and silver nitrate has also been applied as an energetic 
oxidising agent, which can convert benzene into quinone.* 

The catalytic oxidation of enzymes or oxidases is discussed in 
Part III, chap. iL 

Catalytio Halogenation. To complete the series of catalytic 

1 Trans, Chem. Soc, 1894, 66, 899; 1899, 76, 575. 
« Trans. Chem. Soc., 1900, 77, 69. » Ber., 1898, 31, 1573. 

* Oxidations and Redw^ons in the Animal Body, by H. D. Dakin. Monographs on 
Biochemistry : Longmans, Green, 1912. 
» Kempf, Ber,, 1905, 38, 3963 ; Austin, Trans, Chem, Soe,, 1911, 99, 264. 
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reactions of organic compounds, mention should be made of ' halogen 
carriers 'y which accelerate in a remarkable degree the process of 
chlorination and bromination. Among the more important are iron 
and its salts, the chlorides and bromides of antimony, molybdenum, 
aluminium, and phosphorus, «ulphur and iodine. 

Catalytic Condensation, such as the Friedel*Crafts reaction, is 
discussed under condensation (p. 195). 

Folymerisation. The term polymerisation is clearly marked out 
from the process dealt with in a succeeding section on condensation 
by the nature of the product. A polymerisation product is one 
formed by the union of two or more molecules of the original com- 
pound in such a manner that depolymerisation, or cleavage into the 
original substance, is easily effected. The conversion of acetaldehyde 
C2H4O into paraldehyde (021140)3 is an example of polymerisation, 
for the latter on distillation with a small quantity of sulphuric acid 
yields the parent substance. Aldol (02X140)2, on the other hand, 
cannot be broken up readily into acetaldehyde. The difference lies 
in the nature of the link between the molecules : in paraldehyde it is 
supposed to be effected by means of oxygen, in aldol by means of 
carbon. 

CH3 

I 

CH 

o/\o 



CH, . H( 



CH3 . CH(OH) . CHj . CHO 
ICH . CH, ' ^^"^ 



o 

Paraldehyde. 

The property of undergoing polymerisation is peculiar to un- 
saturated compounds, from a natural tendency to saturate themselves. 
The formation of diisobutylene from isobutylene under the action of 
sulphuric acid or zinc chloride and that of benzene from acetylene 
must be included under condensation processes in accordance with 
the definition adopted above ; but the conversion of aldehydes into 
the polymolecular paraldehydes, and the thio-aldehydes and -ketones 
into trithioaldehydes and trithioketones are examples of polymerisa- 
tion. Polymerisation of the aldehydes is effected by small quantities 
of catalysts, such as mineral acids and certain metallic chlorides. 

The change is also exhibited by aromatic aldehydes when acted upon 
by alkalis, but in this case intramolecular change occurs and an ester 
is formed. Benzaldehyde yields benzyl benzoate. 

2CeH5CH0 = CeHgCHaO. 00 . CeH^. 
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The only ketone which undergoes this change is acetone, which in 
presence of alkali yields diacetone alcohol CH3.CO.CH2.C(OH).(CH3)2y 
but breaks up on heating into ttcetone. The thio-aldehydes and 
-ketones polymerise so much more readily than the aldehydes 
that by acting on the aldehyde or ketone with hydrogen sulphide in 
presence of hydrochloric acid polymerisation occurs in process of 
formation. 

Polymerisation is very commonly observed among cyanogen com- 
pounds. Cyanogen itself yields paracyanogen (CN)ny hydrocyanic 
acid in alkaline solution deposits on standing a brown amorphous 
compoundy-which is probably aminomalonic nitrile (CN)2 . CHNHj, 
whilst the alkyl cyanides yield di- and tri-molecular compounds. 
Liquid cyanogen chloride gives the solid tricyanogen chloride, 
cyanamide forms di- and tri-cyanamide (melamine). Cyanic acid and 
its esters also polymerise readily. Thiocyanic acid behaves like 
cyanic acid. 

Light will sometimes effect polymerisation, as in the conversion of 
anthracene into dianthracene (see Part II, p. 149). 
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L CONDENSATION, UNION OP CARBON AND CARBON 

The terms condensation and condensation product imply a process 
and its result which have never been clearly defined, but which at 
the same time convey a distinct idea. Thus, the combination of 
ethyl alcohol and acetic acid to form an ester — a reaction in which 
water is separated — would not be termed condensation, yet the union 
of two molecules of acetaldehyde to form crotonic aldehyde, in which 
water is likewise romoved, would be regarded as a typical example 
of such a process. 

CHj.COOH + C2H5OH = CHg.COOCjHs+HaO 

Acetic acid. Ethyl alcohol. Ethyl acetate. 

CH,.CHO + CH3.CHO = CH3.CH:CH.CHO+H,0 

Acetaldehyde. Crotonic aldehyde. 

Again, all reactions, of which the conversion of aldehyde into aldol 
may be taken as the type, are termed aidol condensations, but in this 
case no water is separated. 

CH3. CHO + CH3. CHO = CH3. CH(OH). CHj. CHO 

Acetaldehyde. AldoL 
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It is easy to draw a distinction between the formation of acetic 
ester from alcohol and acetic acid and that of crotonic aldehyde from 
acetaldehyde. In the first reaction the two molecules are linked in 
the new product by oxygen and are again readily separated by 
hydrolysis ; but in the second reaction the new linkage is established 
between carbon atoms, and the product is consequently of a much 
more stable character. This might help us to a definition, were it 
not that In the third, example no water is eliminated, although the 
new combination is effected between carbon atoms. 

Although it is true that the formation of aldol is covered by the 
term pciymerisation and should, strictly speaking, be included in this 
category, yet it is distinct from the process which gives rise to 
paraldehyde, a compound which, unlike aldol, is readily dissociated 
into the original aldehyde. In other words, the one is a reversible, 
the other is practically a non-reversible process. 

As the formation of aldol is intimately linked with that of crotonic 
aldehyde, it would be illogical to draw distinctions between the two 
processes, and the term aldol condensation is therefore justified. 

Condensation may then be defined as the union of two or more 
organic molecules or parts of the same molecule (with or without 
elimination of component elements) in which the new combination is 
effected between carbon atoms. 

If this definition is accepted it will naturally embrace every kind 
of reaction in which new organic compounds are elaborated by the 
linking of carbon atoms. Used in this sense the word condensation 
can be conveniently applied to denote a certain section of the more 
comprehensive category of constructive chemical changes which are 
included in the term synthesis. 

There is no intention of implying that the combination between 
carbon atoms is subject to different conditions from those obtaining 
among other elements. The union is, as a rule, more stable, but not 
necessarily so, and many reversible changes are known, in which 
carbon atoms part company as well as combine. We shall see 
presently that an almost equally stable union may be effected between 
carbon-nitrogen, carbon-oxygen, or carbon-sulphur, both in open 
chain and ring structures. 

It must be recognised, therefore, that the distinction is an artificial 
oae and merely convenient. Also, for convenience, it is desirable to 
distinguish between external condensation, in which two or more 
different molecules become linked together, and internal condensation^ 
in which carbon atoms in the same molecule combine, leading to 
fing formation. 
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The process of condensation is connected with the early history of 
organic chemistry and was the outcome of the first systematic 
attempts at organic synthesis. 

In the following pages it is intended to give a general survey of 
the principal condensation processes. 

Vatnre of Condensation Frooesses. The examples of condensar 
tion (of which ring formation may be regarded as a special case) are 
so numerous and at the same time so varied in character that it 
would be impossible within the limits of a single chapter to 
enumerate them in anything like detaiL Nevertheless, it is possible 
to lay down certain broad generalisations under which the different 
reactions may be grouped. 

In the first place it will be observed that union between molecules 
or parts of a molecule is nearly always determined by unsaturation 
and by a consequent tendency for the unsaturated atoms to saturate 
themselves. On this basis condensation processes may be roughly 
divided into two groups : those in which the combining molecules 
are induced to unite by being rendered, as it were, artificially 
unsaturated as the result of withdrawing certain elements, and those 
which, being already unsaturated, combine either spontaneously or 
with the help of a reagent or catalyst. 

To the first category belong those substances which, either by the 
action of heat or oxygen, lose hydrogen, resulting in the union of 
the residual groups. The linking up of compounds by the removal 
of halogen by the aid of a metal is illustrated by the processes of 
Fittig and Wurtz in chain formation, and by that of Freund and 
Perkin in the preparation of ring structures. Condensation effected 
by the separation of halogen acid through the action of catalysts is 
represented by the Friedel-Crafts method with aluminium and ferric 
chlorides, and by that of Ullmann with finely divided copper. The 
removal of carbon dioxide by heating barium or calcium salts of 
organic acids or their anhydrides and by electrolysis gives rise in 
the first case to ketones and in the second to parafiSns and new 
homologous acids. 

It is, however, to the second category, namely the union of 
unsaturated compounds, that the largest number of condensation 
processes belong. They may be divided broadly into those in which 
the combining molecules are both unsaturated, as in the union of 
acetylene with itself to form benzene, and those in which one 
molecule is saturated and the other not, as in Michael's, Reformatsky'a, 
and Grignard's reactions (pp. 202-208). 
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But the process which has afforded the most varied and extended 
application is one which, for want of a better name, may be termed 
intermolecular isomeric change. In the chapter on isomeric change, 
Part II, chap, vi, the various types of change are enumerated and 
illustrated. These changes are brought about by the wandering of a 
hydrogen atom from one polyvalent atom to another in the molecule, 
accompanied by change of linkage. Suppose a similar process to 
take place between ti^o polyvalent atoms belonging to different 
molecules, such a reaction would bring about mutual unsaturation, 
resulting in a union between them. 

For example, the most common case of dynamic isomerism is 
the keto-enol change, which takes place when a hydrogen atom 
wanders from a carbon atom to a neighbouring oxygen atom. 

0:0. CH ^ HO.C:C 

Now if this change occurs between two molecules, one of which 
contains a CO group and the other a CH2 group, as in the formation 
of aldol, we have a typical example of this kind of condensation, 

OiC + CHa -► HO.C— CH -► C = C 

a process which may or may not be followed by the removal oi 
water and the production of an unsaturated compound. 

Many examples of similar intermolecular isomeric changes occur, 
as for instance in Thorpe's reaction (p. 252), where the union of 
cyanogen derivatives with CH2 groups takes place. 

N:C + CH2 -♦ HN:C— CH 

Michael's reaction might be included in the same category, corre* 
spending to a shifting of the hydrogen atom within the molecule of 
an imsaturated hydrocarbon radical (see p. 202). 

CHa + CHiCH -► CH— CH— CHj, 

•Nil •Nil 

If we consider the various types of isomeric change and the large 
number of compounds which they include, the wide range and 
variety of the condensation products to which the above process 
may be applied will be easily realised. At the same time it is restricted 
in its application, being dependent mainly on the vicinity of certain 
active (usually negative) groups, and, to a smaller degree, on the 
nature of the condensing agent. A paraf^, although it contains 
numerous CH, groups, does not undergo condensation of the aldol 
type with an aldehyde or ketone under any conditions. Formaldehyde, 

PT. I N 
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the most reactive of these substances, which readily condenses with 
aromatic hydrocarbons, cannot be induced to combine with methane 
or its homologues unless a negative group such as 00, ON, NO^ 
replaces at least one atom of hydrogen in the paraffin. The 
acetoacetic ester synthesis, in which two esters unite under the 
influence of metallic sodium or sodium ethoxide, is undoubtedly an 
additive process, although resulting in the separation of a molecule 
of alcohoL It may be given the following general form : 

/OH 
» \OCoH. 



R.CO.OC^Ha + CHaX -* R.C^CHX— 



R.CO.CH.X + C2H5OH 

The X in the formula stands for an acid radical which may be not 
only an ester group, but an aldehyde, ketone, cyanogen, nitro or 
unsaturated ester or ketone group, HC : OH . CO. 

The aldol and benzoin condensations and Claisen reactions consist 
in the union of two molecules of aldehyde, frequently followed by 
the removal of water and formation of an unsaturated aldehyde, as 
already explained. 

R.CHO + CH,CO -► RHC(OH).CH.CO -♦ RHC:C.C:0 

II I I 

Here again the CO group in the CHj . CO complex may be replaced 
by carboxyl (Perkin's reaction), carbethoxyl, and the other negative 
groups mentioned above, whilst the aldehyde may be substituted 
by a ketone (Claisen's and Knoevenagel's reactions, pp. 238, 241). 



Bing FormatioiL Nearly aU the above reactions may become 
intramolecular if the necessary grouping is present, and in such 
cases ring formation follows. But the process in some cases is 
subject to certain limitations, which depend on the number of atoms 
composing the ring. The acetoacetic ester synthesis, for example, 
may be applied intramolecularly to adipio, pimelic, and suberic esters^ 
but not to glutaric or succinic esters. 

CH2 . CHg . COOC2H5 CH2 . CH2 

\C0 + CjHgOH 

CHa . CH2 . COOOjHfi CU^ . CH . COOR 

In other words, it is possible to form a 5, 6, and 7 carbon ring, 
but not one of three or four carbon atoms. 

Baeyer's Strain Theory. The commonest type of cyclic com- 
pounds occurring in nature are those consisting of 5 or 6 atoms. 



BAEYER'S STRAIN THEORY 179 

and, as a matter of experience, they are of all ring structures the 
most readily produced, and the most stable under the action of heat 
and reagents. 

An ingenious and very plausible explanation has been advanced 
by Baeyer under the name of the Strain (Spannung) Theory, which 
is based upon stereochemical considerations. Supposing the four 
valencies of carbon to be directed towards the solid angles of a 
regular tetrahedron, they will make angles of 109^ 28^ with one 
another. Any distortion or deviation of these valency directions 
will lead, according to the theory, to a condition of strain which will 
make itself evident by loss of stability, and the greater the strain 
the greater the instability. 

Baeyer regards an olefine as the first member of the cyclic series, 
ia which the normal position of the two bonds uniting the carbon 
atoms is assumed to be bent so as to form straight parallel links 
between the atoms. The amount of distortion can be estimated, for 
each bond is bent inwards through half the total angle which the 
two make with one another, J (109° 28') = 54° 44' ; in a cyclopro- 
pane derivative, in which the carbon atoms may be supposed to 
make an equilateral triangle, the amount of displacement will be 
i(109°28'-60°)= 24°44'. The amount of deviation from the 
normal is given in the following table : 



Cycloethane (Ethylene) 


i (109° 280 




64° 44' 


Cyclopropane 


1(109° 28^  


-60°) 


24° 44' 


Gydobutane 


^ UO^" 28' . 


-90°) 


9° 44' 


Cydopentane 


i (109° 28' . 


-106°) 


0°44' 


Oydohexane 


i (,109° 28' . 


- 120°) 


-5° 16' 


Cycloheptane 


i (109° 28' 


- 128° 84') 


- 9° 83' 


Cyclooctane 


i (109° 28' 


-185°) 


- 12° 46' 



It will le seen that the condition of greatest strain will occur 
in the olefine, that of least strain in the cyclopentanes, and then in 
the cyclohexanes. In the last three the strain will be outwards 
instead of inwards. 



of Bing 8tnictiir«s. We will now consider briefly to 
what extent the experimental facts harmonise with Baeyer's theory. 
It should be stated at the outset that the theory has reference to 
cycloparaffins and their derivatives, but does not necessarily include 
aromatic compounds or heterocyclic systems, which will be considered 
separately ; for the unsaturated nature of the aromatic nucleus and 
the presence of other atoms than carbon in the ring may, and 
probably do, affect the stability of the system. No great importance 
need therefore be attached to an observation such as that of 
Markownikoffy who found that a cyclopentane derivative on 

k2 
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bromination in presence of aluminium bromide is converted into 
A brominated benzene. 

At the same time it is a significant fact that among heterocyclic^ 
as well as homocyclic compounds, 6 and 6 atom rings are not only 
most easily prepared, but of conmionest occurrence among natural 
products derived from animal and plant organisms. Althou^ there 
are certain facts not in harmony with the theory, which, as Aschan ^ 
says, cannot be elevated to the position of a law, like the theory of 
Van't Hoff and Le Bel, it nevertheless presents a rough picture 
of molecular mechanics, which has had the effect of stimulating 
inquiry and enriching the science with fruitful results. In studying 
the stability of the cydoparaffins and their derivatives, it is important 
to remember that this property varies with the nature of the radicals 
attached to the cyclic carbon atoms. Kotz,' who made a careful 
study of the subject, found that the stability of the cyclopropane 
ring is diminished by the introduction of alkyl groups and increased 
by that of carboxyl, and Buchner ' has shown that the latter effect 
is further enhanced when the carboxyl groups are attached to different 
carbon atoms. For example, cyclopropane 1,1, dicarboxylic acid 
undergoes disruption in contact with hydrobromic acid in the cold, 

CHj 
/\ -♦ CHjBr.CH,.CH(0OaH)j 

H,C— CCCOjjH), 

whereas the 1 . 2 dicarboxylic acid is not affected even when boiled 
with the concentrated reagent. The effect of carboxyl on the stability 
of 3- and 4-carbon rings is, in short, so great that frequently more 
depends on the nature and position of the radicals than on the 
number of carbon atoms in the ring.* 

We will consider first the stability of the different cydoparaffins 
towards reagents, then the facility with which they are formed, and 
finally their conversion into one another. 

Action of Seagents. Taking ethylene as representing the first 
member of the cyclic series, it is characterised by the ease with 
which it unites with halogens, halogen acids, strong sulphuric acid, 
and undergoes oxidation with permanganate. These properties, 
which are manifested in the hydrocarbon itself, may be modified to 
a greater or less extent, as we have seen (p. 116), in certain of its 

^ Ckemie der aUcyldiadten Verbindunffen, by O. Asehan. Vieweg, Bmnswick, 190CL 

* J. prakL Ckem., 1908, 68, 166. * AmuUm, 1S96, 884, 198. 

* Perkin and SimouaeD, Trans. Ckem. Soc., 1907, 01, 817; Perkin and Golds- 
worthy, Trans. Chem. S<k^ 1914, 106, 2665 ; Eonner, lYojis. (Mm. Soc^ 1914, 106. 
2686. 
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derivatives. Cyclopropane combines with bromine in sunlight, 
though not so readUy as benzene, to form trimethylene bromide ; 
it unites quite readily with hydrobromic and hydriodic acids, giving 
normal propyl bromide and iodide, and with sulphuric acid, forming 
propyl hydrogen sulphate, which on heating with water is converted 
into i»-propyl alcohoL In all these reactions it resembles ethylene, 
but differs in its indifference towards permanganate, which is without 
action. Cyclopropane is decomposed above 550° (or, as Ipatiew^ 
found, at 100° by passing it through a tube filled with iron filings) 
and gives propylene. Dimethylcyclopropane is completely converted 
into trimethylethylene when passed over alumina at 350^. 

(CH3)2C/| -* (CHJj.CiCH.CHj 
\CH, 

Cydobutane is inert towards halogens, halogen acids, sulphuric 
acid, and permanganate, and is unaffected by heat. Cyclobutanol is, 
however, converted by hydrobromic acid into 1 . 3 dibromobutane,' 

H^C CH, HjC CHj CHjjBr CH3 



HjC CHOH HgC CHBr CHj CHBr 

and truxillic acid breaks up on heating into two molecules of 
einnamic acid : 

CeHftCH— CH . COOH CeHgCH : CH . COOH 

CeHjCH— CH . COOH G^KfiU : CH . COOH 

Truxillic acid. Giniuunie a<»d. 

but in these cases the stability of the ring is modified by the presence 
of radicals. 

In cyclopentane and cydohexane and their derivatives ring 
cleavage is never effected by any of the reagents mentioned above, 
unless the ring is already weakened by the attachment of oxygen to 
carbon in the form of ketone groups. 

Increasing stability of the ring up to five and six atoms of carbon 
is also proved by the heat of combustion, which is discussed at greater 
length in a later chapter (Part 11, p. 68). It is there shown that the 
heat of combustion decreases from ethylene to cydohexane, indicating 
increasing stability or decreasing energy content. Stohmann and 
Kleber compared the mean difference between the heats of com- 
bustion of the cyclopanffins and the paraffins, allowing for the two 

1 Ber.y 1902, 36, IOCS ; J90S, 36, 2014. 
* Perkin, Trams. Chem, Soe., 1894, 66, 95L 
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additional hydrogen atoms in the open-chain compound, the results 
of which are given in calories in column I, whilst the mean loss of 

energy is given in column II. 

I II 

cals. cals. 

Cycloethane (ethylene) 381 85-9 

Cyclopropane 37.1 31.9 

Gyclobutane 89.9 29.1 

Gydopentane 16.1 52.9 

Cyclohexane • 1*'3 61'7 

Sridenee of Bing Formation. It is well known that certain 
general reactions which lead to the formation of 5 and 6 atom rings 
fail when it is attempted to produce smaller or larger ring structures. 
The acetoacetic ester synthesis when applied to glutaric ester is a case 
in point (p. 178). Similarly calcium adipate, pimelate, and suherate 
yield respectively cyclopentanone, cyclohexanone, and cycloheptanone 
(p. 226), whereas calcium succinate gives in place of cyclopropanone 
a cyclic diketone of the douhle formula ^ 

CHa.CO.CHa 

' I I 

CHj.CO.CH2 

l*erkin ' found, from his method of using sodium malonic ester and 
a dibromoparaffin in ring formation (p. 192), that whilst the 5-carbon 
ring ia produced almost quantitatively, the 4-carbon ring is found 
in smaller quantity and a still smaller yield of the 3-carbon ring is 
obtained. The 6-carbon ring also gave a poorer yield than the 
5-carbon ring, whilst the 7-carbon ring was prepared under con- 
siderable difficulty. 

Another interesting fact of the same order is the action of zinc on 
a^8-tribromobutane dicarboxylic acid, which might form either 
a cyclopropane or cyclobutane derivative.' It is exclusively the 
second reaction which occurs. 

CHjBr CH2 

COOH . CBr/,CHBr . COOH COOH . CBr<^\)H . COOH 

CHa CH2 

An observation pointing in the same direction was made by Thorpe 
and Campbell ^ in the case of cyclopropane and cyclobutane cyanacetic 
esters, the former, under the action of sodiocyanacetic ester, giving 
an open chain condensation product, whereas the cyclobutane deriva- 
tive combined, but preserved the ring intact 

» Feist, Ber., 1895, 28, 731. • Ber., 1902, 36, 2105. 

B Perkin and Simonsen, Trans. Chetru Soc^ 1909, 95, 1(69. . 
* rrofw. Chenu Soc, 1910, 87, 2418. 
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Experiments have been carried out by Thorpe, Beesley, and Ingold ' 
to ascertain which of the two types of comjxiimd, I or II, would more 
form a cyclopropane ring. 




16' \c<f 109" 28' 

I. II. 

For if cydohexane represents a regular hexagon, the cdidocyclic 
angles must be 120^, thereby changing the angle which the exocydic 
carbon atoms make with the cyclic carbon from 109^ 28' (the normal 
angle) to 107° 16'. It follows, therefore, from Baeyer^s theory that 
type I, where the carbon atoms are in closer proximity, should jrield 
a three-carbon ring more readily than type IL 

The two substances submitted to experiment were a-bromocyclo- 
hexane diacetic ester representing type I and a-bromo-)3|/9<limethyl 
glutaric ester corresponding to type IL 






BrjCOaR CH3V XH 

HiCO.R Cfi/ \CH 



BrCOjR 
HCO.R 



The result clearly indicated that by removal of hydrogen bromide 
type I gave a more easily formed and more stable ring than type IL 

Transfinrmation of Biiig Systems. One of the. most interesting 
features of this problem is the evidence of stability furnished by the 
change of one ring system into another. 

The work of 21incke and Hantzsch on the action of chlorine in 
alkaline solution on the phenols and other aromatic compounds has 
afforded numerous examples of the change of a 6-carbon ring into 
a 5-carbon ring. We may take the case of ordinary phenol which 
passes into a derivative of cyclopentane. 

QOH) 

HC,^ "^CH Cl^Cj ^|C(OH) . COOH 

H(i JcH (OH)CX: ^"CH^ 

CH ca 

Most of the other phenols behave in a similar fashion.* Wreden 
found that when benzene is reduced with hydriodic acid at 300^, it 
yields a hydrocarbon C^Hi^) which was first mistaken for cyclo- 
hexane, but its low boiling-point (70^ and its conversion into 

1 TVoiu. Ckem. Soc, 1915, 107, 1080. 

* Meyer-JacobsoD, Lehrbttch der organischen Chtmie, toL ii, i^art i, p. 82. 
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a mixture of glutaric, suceinic, and acetic acids on oxidation left no 
doubt as to its identity with methylcyclopentane. Zelinsky also 
found that cyclohexanol, on reduction with hydriodio acid, gives 
a mixture of cydohexane and methylcyclopentane. Aschan has 
since shown that cydohexane changes to methylcyclopentane on 
simply heating in a closed tube with or without aluminium chloride. 
A reaction of the same kind is the conversion of suberyl iodide with 
hydriodic acid into methylcyclohexane and dimethylcydopentane. 
Cyclobutylcarbinol and hydrogen bromide give cydopentyl bromide.^ 



HaC ^^CH . CH2OH HaC 



CH, 



0.2G ''CH2 HaO^ JCHjBr 

CH, 

Cyclobatylcarbinol. Cydopentyl bromide. 

In all these cases it may be taken that there is a change from the 
less to the more stable ring system. 

Examples of the conversion of a 4-carbon ring to a 5-carbon ring 
are also furnished by pinene, which with hydrogen chloride passes 
readily into bomyl chloride, that is, from a bridged ring of 4 carbon 
atoms to one of 5 (see Part III, p. 219). 

Certain exceptions must be recorded. Demjanow' found that 
by the action of nitrous acid, cyclobutylmethylamine is converted 
into cydopentanol and by loss of water into cyclopentene. This 
reaction is, however, capable of converting a larger into a smaller 
system ; for when cyclobutylamine is acted upon with nitrous acid, 
it yields a mixture of cyclobutanol and cyclopropylcarbinoL 



S2G ^|CH . NII2 HaCv GH2OH 

H2O IcHj H2C— ^CH 



Cyclopentylmethylamine gives with the same reagent cyclohexyl 
alcohol and cyclohexylmethylamine is converted into suberyl alcohol. 
Wallach ' explains the latter reactions by assuming the formation 
of an intermediate labile double-ring structure, which undergoes 
hydrolysis. 

CH2"^CH2V CH2 CH2V fi-rr 

I \cH.CH2NH2 -^ I X +N2 

CH2— CHa^ CH2— CH ^^— ^CHj 

H,0 CH2 — CH2 CHa 

2 



CH2.C6(0H).CH 



1 Demjanow, Chem. Soe, Abstr., 1910, 1, 838. 

s Chem, Soe. Abstr., 1903, 1, 403. * Annalm, 1907, 353, 831, 
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Further, cyclopentyl nitrite, obtained by the action of silver nitrite 
on cyclopentyl iodide, yields, when treated with concentrated alkali, 
nitro-methylcyclobutane,^ 

CHa— CHav CH2— C(CH3)N0a 

I \CH.ONO -> I I 
GMj — CH2 CH2— CII2 

Cyclopentyl nitrite. Nitro-methylcyclobntane. 

from which it appears that cyclic compounds without side-chains 
pass into smaller rings with side-chains, whereas, if a side-chain is 
present in the original compound, the tendency is to form a 
larger ring. 

In concluding this account of the conditions which determine 
the formation of the cycloparaffins, a description of the preparation 
of some of the simpler members of the group is appended. 

The preparation of cyclopropane is described under Wurtz's 
metI:od (p. 188), and was first effected by Freund. Like propane it 
is a gaa Methylcyclobutane was prepared by Perkin by the method 
above referred to ; cyclobutane itself was obtained by Willst&tter * by 
a method which he has successfully applied to the preparation of 
other cycloparaffins and which requires a little explanation. Cycle- 
butanecarbozylic acid, obtained from the dicarboxylic acid (prepared 
by Perkin), by heating is converted into the amide, which by 
Hofmann's reaction is transformed into the amine. From this, on 
methylation, cyclobutyltetramethylammonium hydroxide is formed, 
which on distillation loses trimethylamine and water and yields 
cyclobutene. The latter is finally reduced by the Sabatier-Senderens 
process (p. 164). 

CHa— CH . CO . NH2 CHj— CH . NHg 

II "> I I "> 

CH2 — CH2 CH2 — CH2 

CHj— CH . N(CH3)30H CHj— CH 

II _» I II +H,0 + N(CH3)3 
CII2 — CH2 CI12 — CH 

Cyclobutene. 

Cyclopentane was first prepared by Wislicenus from cyclo- 
pentanone by reduction (p. 189). Cyclohexane was obtained in the 
same way from cyclohexanone by Zelinsky,' from cyclohexadione 
by Baeyer (p. 225), and by Perkin from hexamethylenedibromide 

1 Rosanoff, Chem. Soc Ahs&., 1915, i. 657. 

• Ber^ 1905, 38, 1992. 

s Ber., 1895, 28, 780 ; 1901, 34, 2799. 
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(p. 192). It has also been obtained by the diiect reduction of 
benzene (p. 163). 

Oycloheptane has been prepared by Markowrdkow ^ from suberic 
acid by Wislicenus' method, that is, by conversion into the ketone and 
reduction in the same manner as cyclopentane (p. 200). It has also 
been prepared from the ketone by conversion into the oxime and 
reduction to the amine by Willst&tter,* who used the method applied 
in the case of cyclobutane. 

CHa . CHa . CO CH, . CH^ . C : NOH CH^ . CH^ . CH . NH^ 

CHo — ^ CHa 

I I 

Cxl2 . CHj — Cllg CII2 — CH2 . CH2 CH2 — CH2 — CHj 

Cyclo-octane has also been prepared by Willst&tter ' and Veraguth 
from pseudopelletierine by exhaustive methylation. Pseudopelle- 
tierine is an alkaloid found in pomegranate and is related to tropinone 
(Part III, p. 818). On reduction it yields N-methyl granatinine. 

CH2 — CH CHo CH2 — ^CH CII2 

III III 

CH2 NCH3 CO -♦ CH2 NCH3 CHj 

CH2--CH CH2 CH2— CH CH2 

Paeudopelletiurine. N-methyl granatinine. 

On methylation the bridge is broken and the following substance 
is formed, which on distillation loses water and trimethylamine and 
gives (x-cyclo-octadiene. 

N(CH3)30H 



CHj— CH-CHj CHj— CH=CH 

I I I I 

CH2 CH2 ~^ CH2 CHj 



— CH=C] 



CHg— CH=CH CHj— CH=CH 

Gyclo-octadiene. 

This compound rapidly polymerises, but if converted into the di- 
hydrobromide and hydrobromic acid removed with quinoline, a second 
more stable /8-cyclo-octadiene is formed, which on reduction by 
the Sabatier-Senderens method gives cyclo-octane. Cydononane 
has been prepared by Zelinsky ^ by Wislicenus' method from sebacic 
acid by distillation of the calcium salt and conversion into the cyclic 
ketone. 

> J. Busi, vhys. Chem. Soc., 1893, 26, 864. ^ £er., 1908, 41, 148. 

» B«r., 1907, 40, 957. * Ber., 1907, 40, 8277, 
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The following are the boiling points of the cycloparafBns and the 
corresponding olefines and paraffins : 



Number of 
c;irbon a^omn. 


Olefine. 


Paraffin. 


Cyclo- 
panifHn. 


3 


-48° 


-35° 


-45° 


4 


-5° 


+ 12° 


+ 1° 


6 


+ 40° 


49° 


36° 


6 


69° 


81° 


69° 


7 


95° 


117° 


98° 


8 


. 122° 


146° 


126° 


9 




171° 


150° 



Reference. 

Chemie der aliqfklischen Verbindungent by O. Aschan. Vieweg, Brunswick, 1905. 

Group 1. Condensation by separation of Elements. 

Bemoval of Hydrogen. Under the action of heat and certain 
reagents condensation may take place with loss of hydrogen. 
Benzene passed through a hot tube is converted into diphenyl. 

Diphenyl methane yields fluorene, and stilbene is converted into 
phenanthrene. Isobutylene when heated with strong sulphuric acid 
yields a mixture of isomeric diisobutylenes ; but this reaction is 
no doubt brought about by the alternate addition and removal of 
sulphuric acid rather than by the direct elimination of hydix)gen.' 

(CH3),C : CH^ + H2SO4 = (CHs)^ . C< 



SO,H 



.ca 



(CH3),C : CHg + (O^z^o/ ' = (CHJ.C : CH . €(^3)3 + H^SO^ 

^O^H 

Hydrogen may also be removed and condensation induced by the 
action of oxidising agents. An illustration of the process is afforded 
by the linking of two indoxyl (thioindoxyl or bromindoxyl) groups 
in alkaline solution in presence of atmospheric oxygen, to form 
indigo and its derivatives, 

CO CO CO CO 

CcH,<(^CH2 + H2C<^Ce;H4 -> CcH,<^C = C<^CeH, 
NH NH NH NH 

Indoxyl. Indigo. 

^ Butlerow, AnnoLen^ 1877, 180, 65. 
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The use of oxidising agents is usually more efPectiye. Dimethyl- 
aniline, for example, when oxidised with sulphuric acid and lead 
peroxide is converted into tetramethyldiaminodiphenyl and the 
formation of magenta from a mixture of o- and |)-toluidine and 
aniline may be cited as a similar case of condensation. 

Bemoval of Hal(^ens. It was in the pursuit of the free radicals 
that Frankland first used potassium and the alkyl cyanides, which 
in 1849 he replaced by zinc and the alkyl iodides (p. 35).^ This 
inquiry resulted in two discoveries of the highest importance — 
the synthesis of the paraffins and the production of the first organo- 
metallic compounds. The method devised by Frankland of using 
a metal to remove the halogen from an organic halogen compound, so 
as to effect a union between the residual parts of the molecules, has 
undergone a wide extension. 

The Kethod of Wnrti. In 1855 Wurtz^ introduced sodium in 
place of zinc for preparing different paraffins from the alkyl iodides, 
as, for example, butane from ethyl iodide, 

2C2H5I + 2Na = C4H10 + 2NaI 
and the same method was applied by Fittig ' in 1863 to the prepara- 
tion of the homologues of benzene : 

CflHgBr + CH3I + 2Na = CflHj . CH3 + NaBr + Nal 

Bromobenzene. Toluene. 

In 1868 Wislicenus^ employed finely divided metallic silver in 
the synthesis of dibasic from monobasic acids. 

CHg . CH2 . COOH 
2CH2I . CHa . COOH + 2Ag = I + 2AgI 

CH, . CHa . COOH 

^-lodopropionic acid. Adipio acid. 

Finely divided copper, although occasionally used in place of silver, 
has only received extended application as a condensing agent in 
recent years' (see p. 199). 

The formation of benzoic ester by Wurtz from bromobenzene, 
chloroformic ester, and sodium, 

CeHjBr + ClCOOCaHg + 2Na = CeHsCOOC^Hft + NaBr + NaCl 
and that of sodium benzoate from bromobenzene, carbon dioxide, and 
sodium by Kekul6 ' are merely modifications of the same process : 
CeHgBr + CO^ + 2Na = CeHgCOONa + NaBr 

1 Phil Tirans., 1852, 142, 417 ; Anndlen, 1858, 85, 829. 
> Anntdenf 1855, 96, 865. ' Annalen, 1863, 131, 804. 

* Annalen, 1868, 149, 221 ; Ber., 1869, 3, 720. 

» Ullmann, Ber., 1908, 36, 2883 ; 1904, 37, 853 ; Anndi^ 1904, 332, 38 ; Ber.. 
1905, 38, 729, 2120, 2211. • Armaim, 1866, 187, 180. 
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The same principle has been applied by Freund ^ to the production 
of ring compounds by internal condensation in the synthesis of 
cyclopropane from trimethylene bromide and sodium or zinc. 



CHjBr CHjj 

CHa + Nao = CHo 
\ \ 

CB-^DT CH2 



+ 2NaBr 



and by Perkin, jun.,' and his collaborators in the synthesis of methyl 
cyclobutane from 1 . 4 dibromopentane, 

CH2 — CHBr • CH3 CH2 — CH • CH3 

I +Naa- I ] +2NaBr 

CH2— CHaBr CH2 — CH2 

and cyclohexane from hexamethylene dibromide, 

CH2 — CH2 — CH2Br CH2 — CH2 — CH2 

I + Nag - I I + 2NaBr 

CH2— CH2— ~CH2Br CH2 — CH2— CH2 

Bemoval of Sodium by Halogens and Halogen Compoxinds. 
She Kethod of Wisliceniui. The discovery of a series of organic 
compounds of the nature of 1 . 8 diketones, «uch as acetylacetone, 
aoetoacetic ester, malonic ester, acetone dicarbozylic ester, and 
similarly constituted compounds, such as cyanacetic ester, benzyl 
cyanide, desoxy benzoin, &c., which form sodium compounds by the 
replacement of hydrogen by sodium, gave a new impulse to the study 
of organic synthesis. The further discovery by Conrad ' that in the 
preparation of the sodium compounds metallic sodium or dry sodium 
ethozide could be replaced by an alcoholic solution of sodium 
ethoxide added greatly to the convenience of the method. We are 
not concerned for the moment either with the structure of the 
sodium compounds, which has been discussed under tautomerism 
(Part n, chap, vi), or with the mechanism of the formation of the 
compounds themselves, which finds a place under the acetoacetic 
ester synthesis (p. 222). Our attention at present will be directed 
to the description of a few of the more important synthetic operations 
in which the sodium compounds have been utilised. 

Before doing so, it will clear the ground in connection with this 
and many other reactions to be subsequently described, if the condi* 
tions which determine the mobility of a hydrogen atom in a hydro- 



s Monatih,, 1882, 3, 625. 

• Thins. Chem. Swi., 1888, 58, 201 ; 1894, 66, 599. 

* AnndUn, 1880, 240, 127. 
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carbon (CHj) group are more carefully defined. As a rule the 
proximity of a negative group produces this effect ; but in a varying 
degree, depending partly on the strength of the negative group, partly 
on that of the metal or metallic compound used. Acetone, in which 
one CO group is present, does not react with sodium ethoxide, though 
it forms a sodium compound with metallic sodium. A phenyl 
group enhances the mobility and acetophenone CeH^ . CO . CH3 is 
more reactive, but here again sodium ethoxide is without action. If, 
however, sodamide be substituted and the product acted on with an 
alkyl iodide, the three hydrogen atoms of the methyl group may be 
replaced successively by alkyl groups.^ The presence of a phenyl, 
cyanogen, carbethoxyl, or an ethylene group produces much the 
same effect as a carboxyl group. A nitro group may, on the other 
hand, determine the formation of a sodium compound. In all these 
cases the presence of a second negative group will produce the 
required mobility of the hydrogen atom, which seems necessary to 
produce a sodium compound. Consequently, reactivity is manifested 
(1) by the 1 . 8 diketones with the group CO . CHj . CO, which includes 
esters like malonic ester, (2) by compounds with the group 
CO . CH2 . CN, such as cyanacetic ester, (3) by those with the group 
CO . CHj . C0H5, like phenylacetic ester and desoxybenzoin, (4) by 
substances such as CgHg . CHj . CN, and (5) finally by compounds 
which contain an ethylene linkage CO . CH^ . CH : CH, such as 
glutaconic ester CgH-OOC . CHa . CH : CH . COOCjHg, which can be 
methylated by the action of sodium ethoxide and methyl iodide, 
yielding a mono- and dimethyl derivative.' 

We will now turn to the various reactions in which the formation 
of a metallic derivative enables the above group of compounds to 
participate. If to an alcoholic solution of these compounds contain* 
ing the equivalent of one atom of sodium, an alkyl iodide is added 
and the liquid boiled until neutral, sodium iodide separates and the 
alkyl derivative is formed. The process may usually be repeated by 
adding a second atomic equivalent of sodium in alcohol and a second 
molecule of alkyl iodide, when the dialkyl derivative is obtained. 
If these sodium compounds possess, as they admittedly do, the 
enolic structure, the action of the alkyl iodide must be represented 
by some such general schemes as the following, in which addition 
precedes substitution (see p. 124).* 

* Haller and Bauer, Compf. rend,, 1909, 148, 70. 
« Henrich, Ber., 1898, 31, 2103. 

* Michael, J. prakt. Chem., 1892, 46, 194 ; 1899, 60, 816 ; Annakn, 1891, 266, 
C7, 118; 1892, 270, 830; Thorpe, IVofw. Oienu Soc, 1900, 77, 9:28. 
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— C(ONa)-CH— = — CO.CHE— + NaI 

i + i 

I B 

and — C(ONa) = CR— = — CO.CB,— + NaI 

+ : 

I R 

It will be seen that the negative iodine unites with the positive 
sodium and the positive radical with the carbon which forms part 
of a negative group.^ It should be'noted in passing that by substi- 
tuting pyridine for sodium ethoxide as condensing agent, the alkyl 
attaches itself to the oxygen and the isomeric enolic form is produced. 

The use of these methods for synthesising acids and ketones from 
aoetoacetic ester, and acids from malonic and cyanaoetic ester, belongs 
to the elementary facts of organic chemistry and need not be dis- 
cussed in detail 

If, in place of an alkyl iodide, iodine is added to the alcoholic 
solution of the sodium compounds, polybasic acids may be obtained 
from acetoacetic ester and malonic ester as follows : ' 

2CH3 . CO . CHg . COOC2H5 + 2C2H50Na + 1, 

Acetoacetic ester. 

CHo . CO . CH . COOC2H5 

I + 2NaI + 2C2H5OH 

CH3 . CO . CH . COOCgHfi 

Diacetosaocinic ester. 

2CHj(COOCiH5), + 2CjH50Na + 1, 
Malonio ester. 

CH{COOCaHs), 
= I +2NaI+2CsH40H 

CH(COO0jHj), 

Ethane tetracarboxylic ester. 

This method ' has been used in the preparation of a cyclohexane 
derivative by acting upon the disodium compound of acetone dicar- 
boxylic ester with iodine. 

2CJH5OOC . CHNa . CO . CHNa . COOC^Hg + 21^ + ^CgHsONa 

C2H5OOC . CH C O 

= C2H5OOC . HC<(^ \CH . COOC2H5 

CO^H . COOCgHs 

Again, if a halogen derivative of a fatty ester like chloracetic ester 

* This view is embodied in Michaers ' positive- negative ' theory (see p. 114). 

* Harrow, -innoton, 1880. 201, 142 ; Bischoflf and Rach, Ber., 1884, 17, 2781. 
' ▼. Pecbmann, Ber,^ 1997, 30^ 2569. 



192 CHAIN AND RING FORMATION 

is allowed to interact, a variety of polybasic acids may be prepared, 
which the following examples will serve to illustrate : ^ 

CH3COCH2COOC2H5 CH3COCHCOOC2H5 

+ NaOCaHg = | + NaCl + CgH^OH 

+ ClCHaCOOCaHft OH2COOC2H5 

Acetosuocinic ester. 

CH2(COOC2H5)2 CHCCOOCgHs)^ 

+ NaOC^Hg = I + NaCl + C^HftOH 

+ CICH2COOC2H5 • CH2COOC2H5 

Ethenyl tricarboxylic ester. 

Chloroformic ester is an exception to the general rule in producing 

mainly the enolic ester, 

y OCO . OCjHg 

N)H . COOC2H5 

Cyanacetic ester behaves in precisely the same way as malonic ester. 
To take one example, synmietrical dimethylsuccinic ester has been 
prepared as follows : ' 

By the combined action of cyanacetic ester, a-bromopropionic ester, 
and sodium ethoxide, cyanomethyl succinic ester is first obtained. 

CN CH3 CN CH3 

II II 

CH2 +BrCH +NaOC2H5 = CH CH +NaBr + C2H50H 

II II 

COOCaHfi COOC2H5 COOC2H5 COOC2H5 

The substance is then boiled up with methyl iodide and sodium 

ethoxide, when the following change occurs : 

CN CH3 CH3 CH3 

CH CH + CH3I + NaOCjHg - (CN)C CH +NaI + C2H50H 

II II 

COOCaHfi COOC2H5 CgHfiOOC COOC2H5 

Finally, the product is hydrolysed with hydrochloric acid, whereby 

the cyanogen group is conveiied into carboxyl and removed as carbon 

dioxide, yielding symmetrical dimethylsuccinic acid. 

The Synthesis of Cyclic Compounds (Parkin's Kethod). The 

formation of sodium compounds of 1 . 8 diketones, more especially 
of malonic and acetoacetic ester, has found a further important 
application in the production of cyclic compounds.' The subject 
can only be briefly outlined. 

^ BUchoffftiid Bach, ^nnolan, 1882, 214, 88; 1886, 284, 86; Conrad, Atmalmf 
1877, 188, 218. 
* Bone and Sprankling, Ttans, Ckem, Soc, 1899, 76, 889. 
« W. H. Perkin, jun., Ber., 1902, 86, 2091. 
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Ethylene bromide and sodium malonic ester give cyclopropane 
dicarbozylic ester. 

CHjjBr /COOCaHg 

I + CH3< + 2NaOC2Ha 

CHjjBr ^COOCjjHg 

CHjv XOOCjjHj 
= I yX +2NaBr + 2CjH50H 

CH/ XIOOCjjHg 

The product when hydrolysed gives the dibasic acid, and, on 
heating, the corresponding monobasic acid. 

In a precisely similar fashion trimethylene bromide, pentamethy- 
lene bromide, and o-xylyleue bromide have been converted into cyclic 
compounds having the following structure : 

CH2 H2C CH2 

CH,<Q>C(C00CsH5)j CHy~~\c(C00C,H5), 

CH2 H2C CH2 

CH, 
C,H4<^C00C,Hj), 

CH2 

From each of these the corresponding di- and mono-basic acids 
have been prepared. 

Cyclic formation may also be effected in the following way: 
ethylene chloride^ malonic ester, and sodium ethoxide yield, in 
addition to the cyclopropane compound already described, an open* 
chain ester. 

CHjCl CH2(COOC2H5)2 CHj.CHCCOOCaHfila 

1 + +2NaOC2H5-| +2Naa 

CHjCl CHjtCOOCjHg), CH2.CH(COOC2Hft)2 

If this butane tetracarboxylic ester is converted into the disodium 
compound and then treated with bromine or iodine, ring formation 
occurs. 

CHa . CNa(COOC2H5)2 CHj— CCCOOCgHg), 

I +Br2-> I I +2NaBr 

CH2 . CNa(COOC2H5)2 CHg— C(COOC2H5)2 

In place of ethylene chloride trimethylene bromide may be used 
when cyclopentane tetracarboxylic ester is formed. 

XHa . CH(COOC2H5)2 ^H2-C(COOC2H5)2 

CH2 — ^ CH2 

\)Hj . CH(C000jHs)2 NjHj— 0(COOC,Hj), 

FT. I O 
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Furthermore, by introducing methylene iodide in place of iodine 
in the last reaction, a cyclohexane derivative is obtained. 

yCHj . ONaCCOOCaHs)^ .CHg— CCCOOCjH^)^ 

CHa +CH2l2 = CH2 ScH, +2NaI 

\CH2 . CNa(COOC2Hfi)2 ^CHj— CiCOOCjHg), 

Each of these tetracarbozylic esters may be converted into dicarb- 
ozylic acids by the usual process of hydrolysis and heating. 

The above series of reactions when applied to acetoacetic ester, 
benzoylacetic ester, or acetone dicarboxylic ester gives a somewhat 
different result. 

Ethylene bromide, acetoacetic ester, and sodium ethoxide yield 
not only acetylcyclopropane carboxylic ester, in which the action 
proceeds normally as in the case of malonio ester, but the enolic 
form of acetoacetic ester also comes into play, giving an inner ether, 
methyldehydropentone carboxylic ester. 

I X I II 

Aoetyloyclopropane Methyldehydropentone 

earbozylio ester. oarbozylic ester. 

In the case of trimethylene bromide, the second reaction proceeds 
io the complete exclusion of the first On hydrolysis of the above 
esters, the acid, which is formed, loses carbon dioxide on heating and 
gives the following products : 

CHjjv CH2"— O — C • CMs 

^;H.CO.CHa I II 

CHj CH 



CHjv 



Bemoval of Eydrogen Chloride. Many halogen compounds 
condense directly with other organic compounds on heating, with 
the elimination of hydrogen chloride. Benzyl cyanide and fluorene 
unite in this way with benzophenone dichloride : 

>CH2 + Ca2C< = >C:0< +2HC1 

CN/ \CeH5 CN/ XH5 

I >0H,+Cl20C = I >>C:C< +2HCa 

C,H / XHg CeH/ XHfi 

Carbonyl chloride combines with dimethylaniline, 

/C,H«N(OHJ, 
CJOCa, + 2CgHjN(CH3), - C0< + 2HC1 
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and benzotrichloride forms a derivatiye of triphenylmethaiie with 
phenols. 

C.H.CCls + 2C.H.0H - (31C<^C«H40H + 2HCa 

' Belmer-Tiemaiin Seaotion.^ In this reaction chloroform and 

carbon tetrachloride unite with phenols in presence of caustic soda 

solution or sodium ethoxide, giving hydroxyaldehydes in the first 

case and hydroxy acids in the second. 

With ordinary phenol a mixture of o- and |>-hydroxybenzaldehyde 

are formed. 

,ONa 
CeHftOH + CHCI3 + 4NaOH = CeH4< + SNaCS + SRfi 

XJHO 

With ordinary phenol and carbon tetrachloride, the iH^ompound 

is the main product. 

>0H 
CeHftOH + CX3I4 + 5NaOH - CeH^^ + 4NaCl + SH^O 

XIOONa 

« She FriadaLCrafbi B«aotion. The reaction, discovered in 1877 
by Friedel and Crafts,' in which anhydrous aluminium or ferric 
chloride are the active agents, has had an extraordinarily wide and 
varied application in organic synthesis. It is connected more 
particularly with the union of aromatic hydrocarbons and their 
derivatives with a variety of other organic compounds, such as alkyl 
halides, acid chlorides, &c. Hydroxyl and amino groups, if present 
in the nucleus, must be protected by converting the former into an 
ether and the latter into an acetyl derivative. Nitro compounds do 
not react. 

« Hydrocarbons can be obtained by combining an alkyl halide, e. g. 
methyl chloride, with benzene in presence of anhydrous aluminium 
chloride, when a vigorous evolution of hydrogen chloride occurs and 
toluene is formed. 

CeHe + CHaCl[ + AICI3] « CeHg . CH, + HCl 

' Ketones can be prepared in the same way by using an aromatic 
hydrocarbon and an acid chloride. Benzene and acetyl chloride give 
acetophenone. 

CeHe + CH3 . C0C1[ + AICI3] = CeHj . CO . CH3 + HCl 
According to V. Meyer' a second acetyl group can only be intro- 

> Bw-., 1876, e, 1286. 

* CompL rend,, 1877, 84, 1892 ; Aim, Ckin^ J^^ 1884, (6), 1, 608. 

* Ber., 1896, 29, 847, 1418, 2668. 

o 2 



196 CHAIN AND RING FORMATION 

duced if both lie between two ortho methyl groups as in mesitylene. 
If, in place of acetyl chloride, chloracetyl chloride is substituted, 
a third radical is readily introduced.^ 
Oarbonyl chloride and benzene react in a similar manner. 

2CflHe + GOGil + AICI3] = CeH^ . CO . CeHg + 2HC1 

* Aldehydes have been obtained by uniting an aromatic hydrocarbon 
with a mixture of carbon monoxide and hydrogen chloride in 
presence of dry cuprous chloride and aluminium chloride.' 
p-Tolylaldehyde has been prepared from toluene. 

CeHg.CHa + Ha.CO « CeH^/ ' +HC1 . 

\CHO 

A better method was subsequently found for obtaining the alde- 
hydes of phenols and phenol ethers by the use of the compound of 
hydrogen chloride and hydrogen cyanide. HCN . HCl is prepared 
tn sUu by passing the mixed gases into the phenol ether and 
aluminium chloride. The imino-compound, which is formed, is 
acidified with hydrochloric acid and distilled in steam, when the 
aldehyde passes over. 

CfifiCH^ + aCH : NH[ + AlQg] « CeH^/ ^ + HCl 

X!H:NH 

<OCHs /OCHg 

+ H20-CeH/ +NH8 

CH : NH XJHO 

Aldoximes are obtained by combining chloroformaldoxime with 

phenols' or aromatic hydrocarbons with mercury fulminate,^ the 

first reaction taking place as follows : 

/OH 
CeH.OH + aCH : NOH - CeHZ + HCl 

\CH : NOH 

and the second, in presence of a little aluminium hydrate, according 
to the following equation, which gives a yield of seventy per oent. 
of syn-aldoxime : 

CeHfl + C : NOH = CeHgCH : NOH 

From both compounds aldehydes are readily obtained by 
hydrolysis. 
Acids can be prepared either by the action of carbonyl chloride in 

^ Ber., 1901, S4, 182e. 

s Gattermann and Koch, Btr., 1897, 30, 1622 ; Annaim, 1906, 847, 847 ; 1907, 
857, 818. 
' SchoU, Ber., 1901, 84, 1441. 
« Seholl, Ber., 1899, 82, 8498 ; 1908, 8a, 10, 822. 
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the proportion required to give the acid chloride, whieh is then 
hydrolysed, 

CgHe + COClaC + AlCla] -^ CeHjCOCl -^ CeHgCOOH 

or by the action of chloroformamide^ which is obtained by heating 
cyanuric acid in a current of hydrogen chloride, the vapours being 
then passed directly into the hydrocarbon containing aluminium 
chloride. The amide of the acid is finally hydrolysed. 

CeH« + CICONH^C + AICI3] = CeHgCONH, + HCI 

Vorl&nder ^ has succeeded in condensing benzene with cyanogen, 

C«He + (CN)a = CeHjCCCN) : NH 

which yields benzoyl cyanide on hydrolysis. 

Aluminium chloride has also been used by Slipping ' for effecting 
internal condensation in the case of phenylpropionyl chloride and 
phenylvaleryl chloride, in which ring formation occurs, the first 
giving rise to hydrindone^ and the second to benzocydo-heptanone.' 

CHg 
CeH5.CHj.CHa.COCl -^ CeH4<Q>CHj 

CO 




CgHg . CH2 • CH2 . CHg • CH2 . COGl 

Combes,* by acting on butyryl chloride with aluminium chloride^ 
obtained a cyclohexane derivative. 

CO CH.CgHj 

8O3H7COCI -^ CjHj.Hc/^NcO 

CDCH . C2H5 

In most of the foregoing reactions a halogen compound is used in 
conjunction with the hydrocarbon, and hydrogen chloride is evolved. 
But aluminium chloride can also act as a condensing agent by virtue 
of its dehydrating action, and in other ways. Thus, phthalio 
anhydride and benzene condense to o-benzoylbenzoic acid :" 

.COOH 



CeH4<^ >0 + CeHa[ + AICI3] = CeH/ 



CM 



e**5 



> Ber., 1911, 44, 2466. > Trans. CKem. Soe., 1894, 65, 484. 

* Kipping and Hall, Proc, Cfiem, Soe,, 1899, 16, 178. 

* OompL rwuL, 1894^ U8, 18S6. • Heller uid SohiUke, Bar., 1908, 41, 8627. 
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Phenylcarbimide combines to form benzanilide, 

CeHe + CO : NCeH5[ + AICI3] « CeH^ . CO . NH . CeH^ 
and sulphur dioxide produces benzene sulphinic acid. 

CeHe + SO j[ + AlCIj] = CeH^ . SOjH 

Beactions similar to the above can also be carried out with an- 
hydrous ferric chloride^ and in some cases, as in the union of benzene 
with benzyl chloride, a minute quantity of zinc or copper in powder, 
or the aluminium-mercury couple, will effect condensation. 
CeHe + CICH2 . CeH^ «» CeHs . CHj . CeH^ + HCl 

Diphenylmethane. 

It should be pointed out that the aluminium chloride occasionally 
reverses the process of condensation, for Jacobsen^ has shown that if 
hexamethylbenzene, to which a small quantity of aluminium chloride 
is added, is heated in a current of hydrogen chloride, methyl groups 
are successiYely detached, with the formation of penta-, tetra-, &c., 
methylbenzenes, and, finally, benzene. Another interesting fact 
connected with the reaction is the transference of methyl groups 
from one hydrocarbon to another under the influence of this reagent. 
Anschtltz and Immendoi'ff * obtained from toluene both benzene and 
m- andi>-zylene. 

Various theories have been advanced to explain these curious 
changes. Friedel and Crafts assumed the formation of an intermediate 
compound, CeH5.Al2Cl5, which unites with the alkyl halide, 
regenerating aluminium chlorid& 

CeHfiAlaClfi + CJIfil - CeH^ . CJBis + Al^Cle 
This would represent the chloride as a true catalyst, in which 
a small quantity would be sufficient to bring about the union of an 
indefinite amount of the reacting materials. In practice, this is not 
usually the case^ for it is found that the amount of product increases 
approximately with the quantity of reagent. As Steele' has pointed 
out, this fiict does not necessarily preclude the action of the 
aluminium chloride as a catalyst, provided it can be shown that it 
forms a stable compound with the product The observations of 
Oustavson* and others seem to point in this direction. 

Gustavson ' isolated a number of definite compounds of aluminium 
chloride and hydrocarbon, and aluminium chloride, alkyl halide and 
hydrocarbon (possessing such formulae as AlgCle • 6CeHe, and with 
ethyl chloride AljCle . CeH3(C2H5)3 • 6CeHe), which appear to act as 
catalysts. 

1 Ber.y 1885, 18, 889. * Btr., 1885, 18, 657. * Trans. Chem, See,, 1908, 88, ll^. 
* Compt rmd,f 1908, 186, 1065 ; 1905, 140, 940 ; J. W. Walker and Spono^ 
Trans. Chem. ;Soc, 1904, 86, 1106. * B«r., 1878, U, 2151. '^^. 



THE PRIEDEL-CRAPTS REACTION 199 

More recently Menschntkin, Pfeiffer, and others have suoceeded in preparing 
a variety of carbon compounds of metallic chlorides, which may, under appro- 
priate conditions, possess a similar function. Slator found that in the chlorina- 
tion of benzene in presence of stannic and ferric chloride the velocity is 

Sroportional to the concentration of the catalyst. Godschmidt and Larsen 
lave arrived at a similar result. From a study of the condensation of anisole 
with benzyl chloride they find the reaction* to be unimolecular, and that the 
aluminium chloride acts as a catalyst increasing the velocity in proportion to 
its concentration. Steele concludes from similar observations ' that the action 
of aluminium and ferric chlorides in inducing the Friedel-Crafts reaction differs 
from many cases of true catalysis only in the accident that these reagents 
combine with certain substances produced during the reaction, andi are thus 
removed from the system '• There are thus two processes at work — an activating 
process produced by the co-ordination of the catalyst with the original compound 
and a retarding action caused by the withdrawal of the catalyst in combination 
with the product. Both processes seem to follow from the researches of Olivier 
and BOseken on the interaction of p-bromobenzenesulphonyl chloride and 
benzene in that the aluminium chloride appears to be reactive only to the 
extent to which it is combined with the acid chloride, and part of the catalyst 
is removed in union with the product of the reaction. In spite of this fact the 
speed of the reaction is increased by an excess of free aluminium chloride, and 
cannot therefore be ascribed entirely to the co-ordinated compound of the 
catalyst. 

mimaiin's Method. Finely divided copper, although occasionally 
nsed in former years in place of silver, has recently been introduced 
by Ullmann and received extensive and important applications as 
a condensing ageni^ The metal can be prepared by adding zinc 
dust to a solution of copper sulphate and carefully washing and 
drying the precipitate, but the commercial copper-bronze or finely 
divided metal, prepared mechanically, is better. The method is gener- 
ally employed for removing halogens from the benzene nucleus. For 
example, iodobenzene is converted almost quantitatively at 230° into 
diphenyl; bromotoluene in the same way gives ditolyL Bromo- 
benzene and chloracetic ester when heated with finely divided copper 
to 180-200*^ are converted into phenylacetic ester. The reaction, in 
certain cases at least, is catalytic. Ortho-chlorobenzoic acid reacts 
with glycocoll to form phenylglycine-o-carboxylic acid ; but the 
process is greatly accelerated by the addition of a minute quantity 
of copper powder. Similarly, a phenyl radical can be introduced 
into the amino group of amino acids and amides. By heating the 
potassium salt of anthranilic acid with bromobenzene and a little 
copper, phenylaminobenzoic acid is formed. 

yNH, /NHCeH, 

CeH^< +BrC,H3 - CeH/ +KBr 

XJOOK X)OOH 

Potassium anthranilate. Phenylaminobenzoic acid. 

1 Ber., 1901, 84, 2174, 8802 ; 1908, 86, 2888 ; 1904, 87, 858 ; 1905, 8S, 729, 
2120; 1906, 89, 1691, 2211. Annalen, 1904, 882, 88; 1906, 850, 88. 
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Phenyl iodide will also react with sodium phenate when a trace 
of copper is present, although in its ahsence not one per cent of 
diphenyl ether is produced. 

CeHftONa + ICeHj = CeHjOCeHs + NaT 

The above examples have been selected to illustrate the varied 
application of the method, which has proved to possess considerable 
technical importance. 

Bemoval of Carbon Dioxide. The well-known method of forming 
ketones by the distillation of calcium salts of organic acids has been 
utilised by J. Wislicenus ^ for the preparation of cyclic ketones by 
employing the calcium salts of dibasic acids. For this purpose, 
adipic,* pimelicy suberic,' azelaic and sebacic acids * have been used, 
giving cyclic ketones containing 6, 6, 7, 8 and 9 carbon atoms. 

GMj • CH2 . COOv CH2 . CIi2\ 

I \Ca - I >C0 + CaC03 

CHa . CHa . COO^ CHa . CHa^ 

From these compounds the corresponding cycloparaffins may bo 
obtained by reduction to the alcohol, conversion into the iodide, and 
reduction of the iodide with zinc and acetic acid. 

GMa • CHav CHa — CHav CHa — CHav 

I >CHOH -^ j >OHI -^ I >CHa 

CHa • CHa^ CHa— CHa^ CHa— CHa/ 

GyclopentanoL Cyclopentane. 

The above method of distilling the calcium salts may be modified 
in certain cases with advantage by converting the dibasic acid into 
the anhydride and heating the latter.' The process of electrolysis 
may also effect condensation by removal of carbon dio:cide and 
hydrogen. By way of illustration the following example may bo 
taken, in which sodium ethyl succinate is converted into adipic ester. 

CHa .COOCaHg CHa • CHa . COOC2H5 

2 I =1 +Ha + 2C02 

CHa . COONa(H) CHa • CHa . COOCaHj 

The application of the method in this way to the synthesis of the 
higher dibasic acids was first used by Crum-Brown and Walker,' 

1 Annalm, 1898, 276, 809. 

> MoutemartiDi, Qazz. chinu ital,, 1896, 26, 275. 

> Blano, Compt rend,^ 1907, 144, 1356. 

* Derlon, Ber., 1898, 81, 1962. 

B Blanc, Compt. rend.j 1907, 144, 1856. 

• Annalen, 1890, 261, 107 ; Trans. Chem. Soc, 1896, 69, 1278. 
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and has since been studied by v. Miller,* and v. Miller and Hofer, 
who electrolysed mixtures of organic and inorganic salts. 

The following examples may sei-ve to illustrate the reactions: 

CH3 . CH J : COOK - CH jCHjI + COj + 2K 

I IK 

CHg.CHjiCOONa - CH3. CH,NO,+ 00, + 2Na 

NO, ; Na 



CH 



3 



CH, 



COOK CHs 



COOK - CH, +2CO,+2K 

I " I 

CMg • G0002H^ Glx2 • COOC2S5 

Hofer ' afterwards electrolyBed ketonio acids (pyruvic and levulinic) 
and obtained diketones. 



CH3.CO.COO 
CH3 . CO . COO 



K 0^3 . CO 

I +2CO2 + 2K 
K CHg.CO 



Walker ' found that by electrolysing sodium diethyl malonate two 
molecules link up to form the anhydride of tetraethylsuccinic acid, 
and Wohl and Sch^itzer,* who submitted the sodium salt of acetal 
malonic aldehyde to the current^ obtained the acetal of adipic aldehyd& 

yCH(OC2Hfi)2 CHj . CHCOCaHj), 

2CH:,< - I +200j+2K 

XJOOK CHj . CHCOCjHj), 



Group 2. Chndensation hp Addition. 

Adiditive Saactions. Benzene under certain conditions forms 
additive compounds with unsaturated hydrocarbons, as in the union 
of styrene with benzene, which combine, giving diphenylethane, 

CeH^CH : CH^ + CgH , - (CeH,)2CH . CH3 

or in that of benzene with cinnamic acid, which in presence of sul- 
phuric acid yield diphenylpropionic acid, 

CttH^CH : CH . COOH + CcH, « (CeHfi)2CH . CH^ . COOH 

The production of cyclic structures have been observed in the case 
of acetylene, which when passed over finely divided iron gives small 

' ZHL /. miarochemi$y 1897, 4, 66 ; £er., 1896, 28, 2427. 

» Ber.y 1900, 83, 660. 

> Trans, Ckem. Soc., 1906, 87, 961. 

* Bgr., 1906, 80, 890. 
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quantities of benzene ; ^ of bromoacetylene, which exposed to light 
undergoes a similar change, yielding tribromobenzene ; and of methyl* 
and dimethyl-acetylene, which in presence of strong sulphuric acid 
condense, forming respectively mesitylene and hezamethylbenzene. 
Dobner' has observed that vinylacrylic acid unites with itself , form- 
ing a ring compound of the formula 

CHj . CH=CH . OH . COOH 

I I 

CH,. OH=CH. CH. OOOH 

A very interesting case of ring formation by addition is recorded 
by Perkin/ in which dibromodiallyl-malonic ester on treatment 
with alcoholic potash is converted into m-toluic acid, a reaction 
which probably occurs in the following way : 

<C0 . OR CH,=C=CHv yH 
-^ >C< 

cx).0R cHj=c=ch/ \cooh 

Dibromodiallyl-malonio ester. Intermediate product.' 

GH3 • C C H 



'"^ 



m-Toluio acid. 

Mioliael's Saaction/ Michael has shown that the sodium com- 
pounds of acetoacetic ester and malonic ester are capable of forming 
additive compounds with unsaturated compounds of the general 
formula : R . CH : CH X or R . C i C . X, in which R is a positive or 
negative organic radical, and X a strongly negative radical such as 
carbonyl, cyanogen, &c. The sodium attaches itself to the carbon 
atom linked to the negative group and the negative radical to the 
positive carbon group. The first example studied by Michael was 
the condensation of sodium malonic ester (prepared by the action of 
metallic sodium or dry sodium ethoxide on the ester dissolved in 
ether) on cinnamic ester. The union takes place in the following way : 

CeHjCH : CH . COOC^H^ C^HjCH . CHNa . COOCaH^ 

NaCHCOOOCaHfi), OHCCOOCaHJa 

1 Moissan and Morueu, Compt rend., 1896, 122, 1240 ; see also Cbmp^. reiul., 
1900, ISO, 1819, and Chem. CenhrdlbL, 1902, 1, 77. 

> Ber,, 1902, 35, 2129. 

* Trans. Chem, Soc, 1907, 01, 816, 840, 848. 

« Michael, J. prakt. Chem,, 36, 861 ; 48, 895 ; 45, 65 ; 40, 20; Anwers, Ber., 
1891, 24, 817, 2887 ; 1898, 26, 864 ; 1895, 28, 268 ; Ruhemann and Cunningtun, 
Trans, Chem, Soc, 1898, 78, 1006. 
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Acids liberate the tribasic ester which, by hydrolysis, can be con- 
verted into the dibasic ^-phenylglutaric acid, 



CflHj . CH . CHg . COOCaHj CeH^ . CH . CHj, . COOH 

CHCCOOCaHj), "* CH^ . COOH 

Fomaric, maleic, aconitic, crotonic, citraconic, and itaconic esters, 
acetylene dicarboxylic and phenylpropiolic esters and benzylidene 
acetone, &c., behave in the same way, though there is a considerable 
difference in the rate of formation.^ 

The sodium compound of cyanacetic ester resembles malonic ester * 
and has been utilized by Perkin ' for the synthesis of isocamphoronic 
acid. Dimethylglutaconic ester, when digested with an alcoholic 
solution of sodium cyanacetic ester, yields : 

C2H5OOC . CCCHg), . CH . CHNa . COOC2H5 

NC.CH.COOC2H5 

If the resulting ester is then hydrolysed, isocamphoronic acid is 
obtained, which consequently has the formula : 

(CH3)2C-CH— CHa. COOH 
HOOC CHj.COOH 

Isocamphoronio aoid. 

The same condensation process has also been applied to the 
synthesis of cyclic compounds by Yorl&nder.* Benzylidene acetone 
combines with sodium malonic ester, forming phenyldihydroresorcylic 
ester,* 

COOC2H5 COOC2H5 



.CH . COOC2H5 ^LCO 

CeHg . CH<Q -^ CeHg . HC<' ^CH^ + C2H5OH 

\CH2.co.CH3 ckrco 

Intermediate additire Phenyldihydroresorcylic ester, 

compound. 

In the same way mesityl oxide may be converted into dimethyl- 
diketocydohexane, 

1 Anwers, Ber,, 1895, 28, 1181 ; Avnalm, 1896, 202, 147. 

* MaUer, C<mpU rend., 1892, 114, 1204; Noyes, Ber., 1899, 82, 2289. 

* Proc Otem. Soc, 1900, 214. 

* Ber., 1894, 27, 2063 ; Annaien, 1896, 294, 253. 

* In both these reaetion» tho compound in the second stage undergoes the 
acetoacetic esUtr condensation (see p. 220). 
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(CH3),C : CH . CO . CH3 (CH3)j,C— CH,— CO 

HCNaCCOOCjHg)^ "^ CgHfiOOC . CH— CO— CH, 

(CHa)aC— CHj— CO 

H2C— CO— CHj 

and Knoevenagel has prepared isoacetophorone in the same fashion, 
using sodium acetoacetic ester in place of sodium malonic ester. 
Knoevenagel ' also found that diethylamine could replace sodium or 
sodium ethoxide in effecting condensations of this character. 

Bndmer-CurtiiM Beaoti<m. This reaction yields in the first 
instance pyrazole derivatives, which, hy loss of nitrogen, may be 
converted into true condensation products. A simple illustration of 
the reaction is furnished by the union of an aldehyde with diazo- 
methane, forming a ketone by elimination of nitrogen,* 

,N 



\n 

>N -^ I >0 + N, ^ I 
^—W CH/ C 



R.CH:0 + CHs 

R.CH— Ov R.CHv R.CO 



Intermediate products. 

A more interesting application of the method is the preparation of 
those pyrazole compounds which 3rield cyclopropane derivatives by 
loss of nitrogen. 

It is well known that acetylene combines directly with diazo- 
methane, giving pyrazole,' 

CH CHj CH=CHv 

III + /\ = I >NH 

CH N=N CH=N / 

Acetylene dicarbozylic ester combines in a similar way with diazo- 
methane, the resulting product being pyrazole dicarboxylic ester. 
Now, if in place of acetylene or its dicarboxylic ester, esters of the 
olefine acids such as fumaric, maleic, and aconitic esters be substituted, 
pyrazole compounds are formed as before, but readily lose nitmgen 
on heating, and the ring closes up and gives a cyclic compound. 

Fumaric ester and diazomethane react, giving cyclopropane dicarb- 
oxylic ester, as foUowa: 

1 Bw.^ 1904, 37, 4464. > Schlotterbeck, £er., 1907, 40, 479. 

* v. Pechmann, Ber,, 1898, 31, 2960. 
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CH, CH.COOCoH. CHo— CH . COOCjHj 

/\ + II —II 

N=N CH.COOCjH, N CH.COOC^j 

Y 

CH2— CH . COOC2H5 

CH . COOC2H5 

If, in place of diazomefchane, diazoacetic ester is used, a cyclopro- 
pane tricarboxylic ester is formed.^ 

Addition of Kjdxogen Qyanide. The addition of hydrogen 
cyanide to aldehydes and ketones giving cyanhydrins affords an 
extremely useful method for the preparation of hydroxy acids con- 
taining an additional carbon atom in the chain. The addition of this 
reagent is not restricted to the CO group ; for it is found that in 
unsaturated ketones and acids containing the grouping C:G.CO 
hydrogen cyanide will attach itself by preference to the double bond, 
thus forming ketonic cyanides and ketonic acids.* Benzalmalonio 
ester combines as follows : 

<COOC2H5 vCOOCjHg 

+ HON - CeHfiCH.CH/ 
COOCaHft I \COOC2H5 

CN 

Orgaao*metallio Componncbi. The extraordinary development 
which organic synthesis owes to the use of organo-metallic com- 
pounds has its origin in Frankland*s discovery of the zinc alkyl 
compounds. The preparation of these compounds need not be 
described. They are extremely unstable liquids which are charac- 
terised by their strong affinity for either free or combined oxygen 
and for the halogens. It is on these properties that their manifold 
transformations depend. Paraffins may be derived from them either 
by the direct action of water,' of alkyl iodides, or of dihalogen com- 
pounds.^ The following reactions illustrate each of the methods : 

ZnCCHg), + 2Hfi « 2CH4 + Zn(0H)2 
Zn(CH8)3+2(CH8)3CI = 2{GlI^fi + ZnL^ 
ZnCCHJa + CHj . CCl^ . CHj = C((m^4^ + ZnClj 

1 Baehner wd OartiuB, Ber^ 1886, 18, 287. 

* Lapworth, Tnma. Chem, 3oe.y 1908, 83, 995 ; 1904, 86, 1206, 1214 ; 1906, 89| 
945 ; Brest and Kallen, ^nnofoii, 1896, 298, 888. 
' Frankland, Atmalenf 1849, 71, 208 ; 1850,74,41. 
« Friedel and Ladenburg, Atmaton, 1867, 142, 816 ; Liwow, Zette., 1871, 257. 
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Zino Alliyl Condensations (FranUand's Method). The dis- 
covery by Frankland and Duppa * of the formation of a hydroxy acid 
from zinc ethyl and oxalic ester prepared the way for new and 
unlooked-for synthetic uses of the zinc alkyl compounds. If to one 
molecule of ester two molecules of zinc alkyl are added and the 
product decomposed by water, diethylglycollic ester is obtained. 
The following equations represent the course of the reaction : 

C H 
COOCjHj I "/OZnCjH, 

I + Zn(C,Hj)a - (Y 

COOCjHj I \OCjH, 

CjHg G2H5 

C< -h Zn(C,H,), - C<; + Zn<( 

COOOaHg COOCjHfi 

C2H5 CI2H5 

.OZnCgHg I 

+ 2HjjO -= (HO)C . C2H5 + Zn(0H)2 + CjHe 



I .OZnC 



COOC2H5 COOC2H5 

Diethylglycollic ester. 

The same product was also prepared by heating a mixture of oxalic 
ester, alkyl iodide, and zinc' 

COOC2H5 (CaHfi), . CO . ZnCgHj 

I + 4Zn -I- 4CoH6l « I + 2ZnIj 

COOCjHg COOC2H5 /OC2H5 

+ Zn< 
(C2H,)2CO . ZnCjH, (C2H,)2C(OH) ^C^H^ 

I -I-2H20- I +Zn(0H)2-l-C^He 

COOCaHj COOC2H3 

This was followed by the researches of Wagner,' on the action of 
zinc alkyl on aldehydes, which led to the synthesis of secondary 
alcohols ; of Saytzeff,* who applied a similar reaction to the ketones 
and obtained tertiary alcohols ; of Butlerow," who prepared alcohols 
from the acid chlorides ; of Freund,' who obtained ketones from the 



1 AnnaJen, 1868, 126, 109. 

s Frankland and Duppa, Annalmj 1863, 126, 109 ; 1868, 185. 26 
s Afinaleny 1876, 181, 261. * Annalm, 1877, 185, 151. 

» Annakn, 1867, 144, 1. « Annaimj 1861, 118, 8. 



ZINC ALKYL CONDENSATIONS 207 

add chlorides ; of Wagner, Saytzeff, and Eannonikoff,^ who con- 
verted aliphatic esters into secondary and tertiary alcohols. The 
following examples illustrate the different types of reactions referred 
to. Aldehydes and zinc alkyls form secondary alcohols. Aoetalde- 
hyde and zinc ethyl jiM secondary butyl alcohoL 

H 
CHjCHO + ZnCC^Hfl)^ « CHj . O— OZnCgHg 

H H 

CHj . d—OZnCaHg + 2H,0 « CH, . G— OH + Zn(OH)a + C^H, 
C2H5 C2H5 

Secondary butyl aleohoL 

Formaldehyde gives primary alcohols by a similar series of changes, 
whereas ketones yield tertiary alcohols. 

Formaldehyde and zinc ethyl yield primary propyl alcohol, whilst 
acetone and zinc ethyl give tertiary amyl alcohoL 

HCHO+ ZnCCaHg), = HCH . OZnCjHg 

I 
C2H5 

HCH . OZnCjHg + 2HaO - HCH(OH) + Zn(OH), + C^He 
CjHft CjHg 

Primary propyl aloohoL 

CHj CH3 C2H5 

CO + ZnCCgHft), - C 

CH3 CHj OZnCjHft 

CH* CaHc CH3 C2H5 

C +2HaO= +Zn(0H)2+C2lIe 

CH, OZnC A CH3 OH 

Tertiaiy amyl aleohoL 

Acid chlorides react with one and two molecules of zinc alkyL 
Acetyl chloride and zinc ethyl form methylethyl ketone. 

» AnnoUm, 1876, 175, 851 ; 1877, 185, 129, 148, 169. 
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+ ZnCCjHg)^ =- CHg . C< 

|\o: 



I \OZnC2H5 
C2H5 



'< +2H20=-CH3.C<-"- 



+ Zn(OH)Cl + CJHe 

J.Xl: 

C2H5 C2H5 

Methylethyl ketone. 

If the intermediate product is allowed to react with a secoDd 
molecule of zinc alkyl, a tertiary alcohol results. 

CH , . CK + ZnCCH,), = CH3 . C< + ZnCa(C,Hj) 

I M)ZnC,H, I \OZnC,H, 

CH C( I 

* ' |\OZnC,Hj + 2H,0 - CHj . C(OH) + Zn(OH), + C,H, 



i 



JjHg C2H5 

Tertiary hexyl aloohoL 

With the esters a similar process occurs. Methyl formate and two 
molecules of zinc ethyl yield a secondary butyl alcohoL The reaction 
occurs in two steps. 



<CH3 /OCHs 

I \0ZnC,Hfi 



HC< + ZnCCgHj), » H( 

C2H5 

yOCH. y^s^a yOCHj 

HC< + ZnCCjHfi), - HG< + Zn< 

I M)ZnCj,H5 I ^OZnCjHfi ^CjHj 

C2H5 C2H5 

C2H5 CjHg 

nd— OZnCoHfi + 2H2O = HO. OH + Zn(OH), + CjHe 

\ I 

G2H5 O2H5 

BiethylcarbinoL 

Other fatty esters like acetic ester will naturally yield tertiary 
alcohols by this process. 

KagnasiiiiiL Alkyl Condensatioiis (Gxignard's BeMUoii). The 

use of magnesium in place of zinc for introducing radicals into 
organic compounds in the manner employed by Frankland and Duppa 
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was first suggested in 1899 by Barbier,^ who' converted methyl- 
heptenone into a tertiary alcohol by the action of methyl iodide in 
presence of magnesium. In the following year the study of the 
preparation and synthetic uses of magnesium alkyl compounds was 
taken up by Gngnard, who published an account of Ids results in the 
Oomptes rendw,* Since then the reaction has been applied by himself 
and his collaborators, as well as by a host of other workers, in so 
many directions that it will be impossible to do more than indicate 
the nature of the main applications of this interesting and useful 
synthetic process. For a more complete account the references given 
in the footnote may be consulted.' 

Although the behaviour of the magnesium alkyl compounds will 
be seen to resemble in many respects that of the zinc alkyls, their 
greater reactivity, owing no doubt to the more electropositive 
character of the metal, as well as the convenience of their prepara- 
tion, offer great advantages over the use of the zinc compounds. 
Moreover, aromatic halogen compounds, such as bromo- and iodo- 
benzene and toluene, may be used in addition to the alkyl halides. 

The method of preparation consists in adding to one atomic pro- 
portion of clean metallic magnesitun wire, ribbon, or filings, 
suspended in perfectly dry ether, a molecular equivalent of the alkyl 
iodide or bromide (or phenyl or tolyl bromide), also dissolved in ether. 
The magnesium dissolves with evolution of heat, and a solution is 
usually obtained which contains the magnesium alkyl or aryl 
bromide or iodide. If methyl iodide is used, and, after the action 
is complete, the excess of ether is evaporated and the product heated 
to 100-120^ in a vacuum to remove the last traces of solvent^ the 
composition of the residue is found to correspond to a substance of 

the formulae: 

MgCH3l.(C2H6)jiO 

The ether was regarded by Grignard as ether of crystallization, 
but Baeyer and Yilliger regarded it as part of a compound containing 
quadrivalent oxygen (I). Grignard aft;erwards adopted the view, but 
distributed the magnesium alkyl halide differently (II) 

CjHsv /MgCHa CaH^v/Mgl 

L n. 

There are reasons for supposing that the ether plays an essential 

« QmpL TVfid., 1899, 138, 110. * Oon^ rmd., 1900, 180, 1822. 

* J. Schmidt, Ahrena' rortrdg$, 1906, 10, 68; A. McKenzie, BriL Jm. B$port»f 
1907, p. 278; Amar. t^iem. Joutik, 1906, 88, 8ia 

FF. I P 



210 CHAIN AND RING FORMATION 

part in the synthetic process to which the magnesium compound is 
applied, hut discussion of the mechanism of the reaction is reserved 
until some of its more important applications have been considered. 
Hydrocarbons, The magnesium alkyl or aryl iodide is decomposed 
by water or alcohol, or indeed by any compound which contains 
a hydroxyl group, giving a hydrocarbon. 

RMgl + HjO - R . H + MgI{OH) 
RMgl + CaHfiOH = R . H + MgI{OG^B^) 

The method has been applied to the estimation of hydroxyl groups 
in organic compounds.^ Ammonia and primary amines react in the 
same way by giving up hydrogen to the radical and entering into 
union with the magnesium halide. 

RMgl + RiNHjj - R.H + R^NHMgl 

A methyl group may be introduced into an aromatic hydrocarbon 
by emplojring the aryl magnesium bromide in conjunction with 
methyl sulphate (Werner and Zilkens). 

CH3 . CeH^MgBr + {GH^)fiO^ - CeH^CCHg), + CH3 . SO^MgBr 

Alcohols nuiy be obtained from aldehydes, ketones, acid chlorides, 

esters, &c., by methods which offer a close analogy to the zinc alkyl 

reactions. 

H 

B.CHO + R^MgBr ^ RC— OMgBr + HjO -► R.CH(OH).Ri 

Ri 

Aldehyde. Secondary alcohol. 

Primary alcohols can be obtained from formaldehyde, or more 
conveniently from its polymeric form, triozymethylene. They have 
also been prepared from ethylene oxide and ethylene chlorhydrin 
(Blaise). In the first case the action takes place by cleavage of the 
ring: 

I *\o+ Mg/ - R . CHj. CHjOMgBr -► R . CHjOHaOH 
CH2 ^Br 

In the second case it occurs in two phases, the hydroxyl group being 
first attacked and then the halogen, on addition of a second molecule 
of reagent 



1 Hibbert and Sndborongh, IVoiu. Owm, Soc, 1904, 85, 988 : Zeirawltinoff. Ber^ 
1907, 40, 2a28* » » > » » . 
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RMgBr + CHjd . CHjOH = EH + CH,C1 . CH,OMgBr 
R»MgBr + CHi,a . CH,OMgBr - R^CHj . CH, . OMgBr 

Tertiary alcohols are readily prepared from ketones, esters, and 
add chlorides. 

yCO + B^UgBt -*■ B.C^MgBr -* B.C3/(0H) 

The process may be applied to cyclic ketones, ketonic acids, di« 
ketones, and quinones. In the last two cases the reaction may be 
regulated so that either one or both ketone groups are involyed. It 
IB an interesting fact that a tautomeric ketonic ester, such as aceto- 
acetic ester, reacts in the enol form, that is, forms an additive 
compound with the reagent^ which is decomposed by water and the 
ester regenerated. If alkyl groups are introduced, the ester then 
behaves as a ketone. This reaction has been applied to the formation 
of cyclic compounds by Zelinsky and Moser^ in the following 
ingenious way, from to-acetobutyl iodide. 

CH3.CO I CHa.CO Mgl CHaC.OMgl 



OHs . C(OH) 



LjVr V-IXJ 






Esters react as follows : 



<0 yOMgBr 

+ RiMgBr = B.C^O0aH5 



'2"6 



yOMgBr /OMgBr 

E . Ce-OCaHg + R2MgBr = R . C^R* + jf gBr . OCaH. 
\Ri \Ri 

yOMgBr /R« 

B.C^R« • +HjO-B.c6(OH) + MgBr.OH 

In the case of dibasic esters, both ester groups will react, forming 
glycols. If formic ester is used, a secondary alcohol results. 

Acid chlorides react, as in the case of the sdnc alkyl compounds, in 
two phases, giving ketones in the first and tertiary alcohols in the 
second. Carbonyl chloride behaves in a similar fashion : 



1 Ber., 1902, 86, 2684. 
P 2 
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C0a2+ SRMgBr = CRjOMgBr + MgCl2 + MgBr, 
CRgOMgEr + HaO = RjCCOH) + Mg(OH)Br 

Anhydrides and lactones also give tertiary alcohols. 

It frequently happens that, in the reactions with aldehydes and 
ketones, an unsaturated hydrocarhon appears in place of the alcohol. 
This must he ascrihed to a secondary process (wherehy water is 
eliminated), which it is often possible to promote or prevent by 
modifying the conditions Acetophenone, for example, may be 
made to yield the unsaturated hydrocarbon in place of the alcohol by 
raising the temperatui*e at the end of the process. 

CeHgv 

>C:CH2 

cuMethylstyrene. 

Aldehydes. Quite a number of methods have been elaborated for 
producing aldehydes, of which the following are the most important 
By the use of dimethylformamide the following changes occur 
(Bouveault) : 

HOO . NBRU R^Mgl -^ HCR2(0MgI)NRRi + H^O 

-^ R2CH0 + NHRRi + Mg(0H)I 

Under ordinary conditions the effect of the Grignard reagent on 
formic ester is to give a secondary alcohol, but Gattermann found that 
by using three molecules of ester and keeping the temperature low, 
the aldehyde is formed (Gattermann). 

HCO . OC2H5 + RMgBr = RCHO + MgRrOCgHj 

Orthoformic ester may also be used (Boudrouz). 

CH(0C2H5)3+ RMgBr = RCHCOCaHft)^ + MgBrOOaH^ 
RCH(0C2H5)2 + H2O « RCHO + 2C2H5OH 

Gattermann introduced ethozymetbylene aniline in place of ethyl 
formate, the reaction taking place as follows : 

CeHfiN : CH . OCjHg + RMgBr « CeH^N : CHR + CaH^OMgEr 
CeHgN : CHR + HgO = R . CHO + CeHfiNHj 

Another method which also yields aldehydes is that of Sachs and 
Loevy in which isocyanides are used. 

RN : C + EiMgBr = BN : C< 

\MgBr 

EN : C< + HgO - EN : CHEi + MgBr(OH) 

^MgBr 

EN ; CHB^ + HjO =. ENH, + CHO . E» 
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Ketones can be prepared from cyanogen, cyanides, and amides. 

^NMgl 
(CN)j + KMgI-NC.Cf 

xNMgl ^NMgl 

NC . 0< + EMgl - BCf + Mg(CN)I 

\r \b 

JfMgl 
B. 0^ +2H,0 - B. CO. B+ MgI(OH) + NHg 

In the same way, 

^»NMgBr 
BCN + B»MgBr -» ECC +2H,0 

\bi 

- E . CO. El + Mg(OH)Br + NH, 

Ketonic esters may be obtained by the same process from cyanogen 
esters. Gyanacetic ester, for example, ^th magnesium methyl iodide 
yields acetoacetic ester (Blaise). 

The action upon amides is represented as follows : 

yOMgl 
B . CONH. + 2MgEiI - E . Cf-NHMgl + E'E 

\ei 

B . C(OMgI)(NHMgI)Ei + 2HjO - E . 0(OH)(NH JRi 

+ MgI, + Mg(OH), 

The last product loses ammonia and gives the ketone. 

Acids and Esters. Acids are obtained by passing carbon dioxide 
into the ethereal solution of the magnesium alkyl compound and 
decomposing the product with water or sulphuric acid, or, if the 
sodium salt is required, with sodium hydroxide solution (Qrignard). 

<OMgBr H,0 /OH 

-► R-<\^ +MgBr(OH) 

If the intermediate compound is further acted upon by two mole- 
cules of magnesium alkyl halide> and the product decomposed with 
water, a tertiary alcohol is formed. 

B . CO . OMgBr + 2EiMgBr - CRB^W . OMgBr + (MgBr)20 

H,0 

-♦ CEBiEiOH + MgBr(OH) 

By using chloroformic ester with the Grignard reagent, esters are 
obtained (Houben). 

B . MgBr+ CI . COOCjHj - B . COO0,Hj + MgClBr 



M 
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The reaction may proceed to a second phase, yielding a tertiary 
alcohol, as already explained (p. 211)« 

Carbonic esters may also be used in the preparation of esters 
(Tschitschibabin). 

RMgBr + C0(0C2Hfi)a - ECiOMgBrKOCgHs)^ 
RC(OMgBr)(OCaHfi)a + H^O - R . COOCjH^ + CjHjOH + MgBr(OH) 

Ortho-carbonic ester reacts in a similar manner. 

RMgBr + qOCaHfi)^ - R . C(OC2H5)3 + MgBr(OCaHg) 
RMgBr + R . C(OC2H5)3 = RjCCOCjHs)^ + MgBr(0C2Hfi) 

In this case an acetal is formed. 

Sulphur Acids. Sulphur dioxide reacts like carbon dioxide and 
forms sulphinic acids (Rosenheim and Singer). 

H,0 
RMgBr +SO2 -^ R.SOaMgBr -♦ R . SOjH + MgBr(0H) 

The same product is obtained from sulphuryl chloride (Oddo). 

RMgBr + SOgCla « R . SO^a + MgClBr 
R . SO2CI + RMgBr - R . SOsMgBr + RCl 
R . SOjMgBr + HjO - R . SOgH + MgBr(OH) 

Carbithionic adds are formed by the action of carbon bisulphide on 
the reagent in the same way as the carboxyUc acids by the use of 
carbon dioxide (Houben). 

Amides of the aromatic series may be obtained from aryl carb- 
imides (Blaise). , 

<OMgI HjO 
-•. CeHfiNHCOB 
R 

+ MgI(OH) 
« 
Similar products &re obtained by forming the magnesium compound 

of a primaiy aromatic amine, BNHMgl, and acting upon it with the 

ester of a monobasic acid (Bodroux). 

2BNHMgI + RiCOOE« - MgI(OE») + R> . 0(NHE)jOMgI 
Ri . C(NHE), . OMgl + HCl - RNH, + E»CONHR + MglCl 

If, in place of a monobasic ester, ethyl carbonate is substituted, a 
urethane is formed (Bodroux). 

2RNHMgI + COlOCaHj), - (ENH),qOC,H5) . OMgl + Mgl . OCjH, 
(ENH)s,C{OCjHs) . OMgl + H^O 

ENH . OOOCgHg •)- EKHa + MgI(OH) 
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Thioanilides are obtained by substituting mustard oils for the car- 
bimides in the above reaction (Sachs and Loevy). 

Hydroxylamine Derivatives. Both nitric oxide and nitrogen peroxide 
react with the Grignard reagent, the former giving nitroso hydro* 
xylamines and the latter dialkyl hydroxylamines (Wieland). 

yOMgBr .OH 

ON.N< -^ ON.N< 

The mechanism of the second reaction has not been explained, but 
is no doubt due to partial reduction of the peroxide by the reagent. 
Hydroxylamine derivatives may also be obtained from amyl nitrite as 
follows : 

ON . OC5H11 + 2MgIR « NRE . OMgl + C^HnOMgl 
NRR . OMgl + H2O - N(B)20H + Mgl(OH) 

l)iaeoamino<(mvp(nmds. Aliphatic as well as aromatic diazoamino- 
compounds can be prepared from alkyl and aryl azides.^ 

MgBr 
KN/]|+RiMgBr-RN.N:NRi -♦ RNH. N:N. Ri + MgBr(OH) 

Additive Compounds, Eohler' has made a careful study of the 
action of the Grignard reagent on the unsaturated aldehydes and 
ketones containing the group 0:0. OR : 0. Several reactions are 
possible. Addition may occur at the double bond or with the ketone 
or aldehyde group, or again, followiiup Thiele's rule (p. 188), in the 1 . 4 
position. All these effects have oeen observed and are found to 
depend upon the nature of the attached radicals and may be summa- 
rized as follows : 

1. In aldehydes and ketones in which R is hydrogen or an alkyl 
group, a normal reaction with the GO group takes place, with the 
formation of a tertiary alcohol. 

2. If the attached radical is aromatic, addition occurs in position 
1 . 4, and a ketone is formed, as in the case of oinnamylphenyl 
ketone. 

CeHftCH : CH . CO . C^H^ + CeH^MgRr 

= CeH,CH(CeH5). CH : C(0MgBr)CeH5 

-♦ CeHfiCHCCcHJ.CHj.CO.CeH^ 

^ Dimroth, Set., 1906, 89, 8906. 

' Am$r, Oimn, Joum,, 1905, 88, 168, 888 ; 84, 132. 
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8. If the attached radical is an alkyl-oxy group, that isy if the 
compound is an unsaturated ester, addition either takes place as in 
(2) or the aJkyl-ozy group is replaced by the radical of the reagent 
The former occurs with an aryl magnesium halide, and the latter 
with an alkyl compound. 

For example, phenyldnnamic ester reacts as follows with phenyl 
magnesium bromide : 

OeHftCH : CCCeHs) . CXXXJjHs + MgBrCeHg 

-^ CeHfiCH.CCCeHftliOO.OB 

CeH^ MgBr 

C«H,CH(OeH^) • (XCeHg) : COB(OMgBr) + HCl 

= (CeH^ljCH . CHCCeHs) . COOE + MgBrCl 

Additive compounds are also formed with unsaturated nitrogen 
compounds such as benzylidene aniline, 

CeHftN : CH . CcHg+MgCHsI = OeHfiNiMgl) . CHCCHj) • CeHs 

which yields the secondary amine on decomposition with water 
(Busch). Oximes behave similarly, the radical attaching itself to the 
imsaturated carbon and the magnesium halide to the nitrogen. 
TriazoHSompounds also react by cleavage of the nitrogen ring, followed 
by the formation of diazoamino-compounds (Dimroth). 

BN< 11+ R^Mgl - BN(MgI)N : NR^ 

\n 

RN(MgI)N:NRi + H20«RNH.N:NRi + MgI(0H) 

The reaction may be applied indifferently to the preparation of both 
aUpfaatic and aromatic compounds. 

This does not exhaust the many changes which may be rung on the 
reaction, but the above examples will serve to illustrate the general 
character of the process. It will be seen that, apart from the simplicity 
and convenience of the method, the magnesium compoimds are much 
more reactive than the zinc alkyls, and their combination may be 
effected with nitrogen much in the same way as with oxygen, thereby 
increasing the range of their application. It should be observed that 
the metal always attaches itself to the more electronegative element 
(O and N), either by adding itself to the latter if imsaturated, or by 
replacing the hydrogen when combined as hydroxyl or amino groupa 
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It has been suggested by TBchelinzeff ' that the ether which appears 
to fonn a compound with the magnesium alkyl halide acts catalyti- 
cally atlow temperatures, for although interaction between the magne- 
sium and alkyl halide takes place in benzene or xylene, it is necessary 
to boil the liquid, whereas the presence of a little ethyl or amyl ether 
or anisole (methylphenyl ether) causes combination at the ordinary 
temperature. He considers the effect of the ether is to dissociate the 
alkyl halide by forming the ozonium compound, thus assisting union 
with the metal: 

CiHj/^X "^ C,H/^X 

Tertfary amines such as dimethylaniline may replace ether as the 
catalyst, and their reaction is explained in a similar way by the 
disruption of the alkyl halide B^X from the quinquevalent compound. 

m 



(«k\ 



X 

A further examination of the ether compounds of the alkyl magne- 
sium halide has shown that the latter unites with two molecules of 
ether, corresponding thus to Zelinsky's compound with magnesium 
iodide Hgis . ^CJB.^0. The evidence for this was given by 
Tschelinzefi^ who showed that on adding ether to a benzene solution 
of magnesium alkyl iodide^ equal quantities of heat are eyolved for 
each of the first two molecular proportions of ether added. 



A reaction which may be regarded as 
a modificaCTon of Frankland's and Grignard's was first suggested by 
Kttig and Daimler.' They attempted to combine chloracetic ester 
with oxalic ester in presence of zinc, in the expectation of obtaining 
a product similar to that of Frankland, in which the acetic ester group 
would play the part of an alkyl radical The reaction, however, gave 
instead ketipic (keto-adipic) ester. 

CO.CH-.COOCJH. 

I 

CO . CH2 . OOOCjHj 

Ketipic ester. 

Beformatsky' was afterwards more successful, and obtained a 
/S-hydroxy-isovaleric ester from acetone, iodoacetic ester and zin& 

\, 1904, 87, S064. < Ber., 1887, 20, 9091 

• At., 1887, 30, 1910; 1896, 28, 2468, 2888. 
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OH, CH, OZnl 



\ 

CO + CHjI.COOR + Zn-^C +H2O 



CH3 OH3 CH2 . COOK 

CHs 

5J C(OH).CHa.COOK + ZnI(OH) 

CH3 

Lapworth has shown that the ester group hehaves in the manner 
of a ketone group, and has succeeded in condensing oxalic ester with 
bromacetic ester, and also two molecules of bromacetic ester with 
zinc or magnesium, with the object of throwing light on the aceto- 
acetic ester synthesis, to be presently discussed. 

OJELfiOO . COOCgHfi + BrCHj . COOCjHj + Zn 

yOZnBr 
- CjHfiOOC . C^Hjj . COOK 

^OCjHg 

H.0 

-^ CaHfiOOC.CO.CHj.COOCjHft 

Ozaloaoetio 

BrCHj . OOOCjHg + BrCH, . COOC2H5 + Zn 

/OZnBr H,0 

\oc^t 

Bromaceioaoetio ester. 

The reaction has since been used for the synthesis of citric acid by 
Lawrence,^ dZ-camphoronic acid by Perkin ' and by others for similar 
condensations (see Part III, p. 235). 

In the first case> union is effected between bromacetic eater and 
oxaloacetic ester, and proceeds as follows : 

CHJBr CO . COOCjHg 

I + I +Zn 

COOC2H5 CHjj , COOCjHfi 

CaHfiOOC . CHjj . qOZnBr) . COOCjHj 

-^ I + H3O 

CHa . COOCjjHj 

« CjjHfiOOC . CH, . qOH) . COOC2H5 + Zn(OH)Br 



BrCHj . C^CHj . COOCgHj -♦ BrCHj • CO . CHj . COOCgHa 



CHjj . COOCjHs 

Citric ester. 
» Drafu. CUm. Soc, 1897, 71, i67. . « Trans. Cksm. Soc, 1897, 71, 117S. 
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In the second synthesis, a-bromoisobutyric ester and acetoacetio 
ester or bromaoetic ester and dimethylacetoacetio ester in presence of 
zinc were first combined, giving hydroxytrimethylglutaric ester. 

[CHX, . C-qOH)— CH, 

I I I 

OjHjOOC CH, COOCjHs 

The compound was then acted on with phosphorus pentaehloride 
and converted into chlorotrimethylglutaric ester. . On boiling with 
alcoholic potassium cyanide, cyanotrimethylglutaric ester is formed, 
and, finaUy, on hydrolysing with hydrochloric add, (iZ-camphoronic 
acid. 

(CH,),C— Ca— CHj (CH,),C— C(CN) . CH, 



.000 ~ "* 



CgHjOOC CHj, COOCjHs CsHjOOC CH3 COOCjHj 

Chlorotrimethylglutaric «ster. Cyanotrimethylglutaric aster. 

(CH3),C-C(CH3)— CH, 

-* I I I 

HOOC COOH COOH 

(S-Camphoronie acid. 

Hagnesiam has been used in place of zinc in the above reaction.* 

Wallach * has utilised the reaction for introducing unsaturated side- 
chains ibto cyclic ketones. Sabinaketone can be converted into 
sabinene in the following way : 

OH CHj.COOC^H. 
V 

CO c 

HCi^CH, HO,{^iCHj 

CHjBr . COOCgllj -h 



!\Jch/ 



+ Zn 
+ H0O 






I 
OH 

/\ 

CH3 GH3 

Sabinaketone. 

The latter, when heated with acetic anhydride, loses carbon 
dioxide and alcohol and gives : 

< Zelinaky and Outt, Ber., 1902, 86, 2140. 
s Annalen, 1908, 860, 26 ; 1909, 365, 255. 
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Sabinene. 

An example of ring fonnation is recorded by Reformatsky,^ who 
obtained trimeaic ester by condensing formic ester with chloracetic 
ester and zinc. 

8C2H50CH(OZnCl)CHj| . COOC2H5 = SCjHfiOH + 3Zn(0H)Cl 

HC C.COOC2H5 

+ CaHjOOC • c/~%CH 

hS"^ . COOCjHg 

The Aoetoaoetio Bster Conctonaation (Union of— COOCfi^ + 
CH2 . GOOO2H5). The discovery of acetoacetic ester carries us back to 
the year 1868, when Oeuther,' who held the yiew that acetic acid 
contains two hydrogen atoms replaceable by metals^ sought to replace 
the second hydrogen atom in ethyl acetate (since it could not be 
effected with sodium acetate) by means of metallic sodium. 

He observed the evolution of hydrogen,' the formation of sodium 
ethozide, and the production of a crystaUine sodium compound of the 
formula GeH^NaOs. From the sodiiun compound, by the addition of 
an acid, a liquid was isolated which, though neutral to litmus, formed 
salts with metallic bases. He found, moreover, that the sodium of 
the sodium compound reacts with alkyl iodides and forms a series of 
alkyl ethers. These facts led Oeuther to name the new compound 
ethyldiaoetic acid, and to represent it by the formula : 

CHj . qOH) : CH . COOCjHg 

1 J. niM. phys. ehem, Ges,, 1898, 30, 280. * Jafumb,^ 1868, 823. 

' It was subsequently found that when ethyl acetate is pure, little, if any, 
hydrogen is evolved, but according to Oppenheim and Precht (JB^., 1877, e» 820) 
it is used in conjunction with sodium to coavert some of the acetic eatMr into 
■odium ethoxide. 

CH, .CO Na + H, CH, . CH, . ONa 

I + « + 

CH,.CH..O Ka CH,.CH,.OKa 
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The formation of the sodium salt was represented by the equation : 

2CaH80 . CaHjO + Na, - H, + CjHgONa + CeH^NaOg 

Whilst this research was in progress Frankland and Duppa were 
studying the action of alkyl iodides on oxalic ester in presence of zinc. 
In extending their investigations to ethyl acetate, the zinc was 
replaced by the more energetic metal, sodium, and, during the solu- 
tion of the metal in the ester, the evolution of hydrogen was observed. 
Without isolating the product they proceeded to heat up the solid 
mass with ethyl iodide. In this way various products were ob- 
tained and separated by fractional distillation. Among them four 
compounds boiling between 12(f and 265^ were isolated and charac- 
terized as follows : (1) butyric ester, (2) diethylacetic ester, (8) a compound 
identical with the ethyl ester of Geuther's ethyldiacetic acid, 
which, since it decomposed with alkalis into ethyl acetone, alcohol, 
and carbon dioxide, was termed ethaeetone carbonate of ethyl, and (4) a 
final fraction which decomposed in the same manner into diethyl 
acetone, alcohol, and carbon dioxide, and received the name of dietk' 
acetone carbonate of efhyl. Frankland and Duppa explained the 
formation of the first two compounds by supposing that ethyl acetate 
is converted by sodium into a mono- and di-sodium ethyl acetate, 

CHgNa . COOC2H5 and GHNa, . OOOC2H5 

 

which with ethyl iodide yield ethyl- and diethyl-acetic ester. The 
formation of ethaeetone and diethacetone carbonate of ethyl was 
explained by the union of a molecule of ethyl acetate with a molecule 
of mono- or dinsodium acetic ester formed by the action of sodium on 
acetic ester. 

CH3 . COOCjHfi + CHsNa , COOC2H5 

- CH3 . CO . CHNa . COOC2H5 + CaHgOH 

CHa . COOC2H5 + CHNa, . COOCjHa 

- CHa . CO . CNag . COOCaH^ + CgHgOH 

The action of ethyl iodide on the two sodium compounds would 
produce ethaeetone and diethacetone carbonic esters. These views 
were generally accepted, and the name of Geuther's ethyldiacetic acid 
was subsequently changed to acetoacetic ester. 

But in a subsequent paper ^ Gtouther pointed out that he had failed 
to isolate either the mono- or di-sodium acetic ester ; but had found 
that a considerable quantity of acetoacetic ester is formed by the 

1 Zttt. Onm., XWS, 66a» 
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action of sodium etfaozide on ethyl acetate, a reaction which he 
represented as follows : 

2C^lIfii + C^HfiONa = CeHgNaOg + 2CaH50H 
He observed at the same time that when the ethyl derivative of 
acetoacetic ester is heated with sodium ethoxide, ethyl butyrate is 
produced. It is therefore unnecessary to assume the formation of 
the monosodium compound of ethyl acetate, since the presence of 
sodium ethoxide alone will explain, in accordance with Gtouther's 
original equation, the formation of both acetoacetic ester and ethyl 
butyrate. The production of diethylacetic ester and diethylacetoaoetic 
ester (Frankland and Duppa's diethacetone carbonate of ethyl) still 
remained unexplained. In a paper published in 1877 by J. Wisli- 
cenus/ the whole subject was submitted to a critical reexamination 
with results which have proved of the highest importance to syn- 
thetical organic chemistry. Wislicenus showed that, although only 
one atom of hydrogen in acetoacetic ester can be replaced by sodium 
by the direct action of the metal, or of sodium ethoxide, an alkyl 
group having been introduced in place of this atom of sodium, the 
compound acquires the property of exchanging a second atom of 
hydrogen for sodium, which can be replaced by a second alkyl group. 
Wislicenus, adopting Frankland's formula, represented the changes 
as follows: 

CH, . CO . CHNa . COOCjHg + C^HjI 

- CHs.CO.CHCCjHfij.COOCjHg + Nal 

CH3 . CO . CNaCCgHj) . COOCjHfi + C^Hgl 

- CH3. CO . qCjHfi),. C00C,H6 + NaT 

As the second product yields, with sodium ethoxide, diethylacetic ester, 
Frankland and Duppa's assumption of a disodium acetic ester proved 
aa unnecessary as that of the monosodium compound. 

But Wislicenus's inquiry was not limited to unravelling Frankland 
and Duppa's experiments. The knowledge of the numerous trans- 
formations which acetoacetic ester undei^goes, the formation of mono- 
and di-alkyl derivatives, the conditions which determine the ketonic 
and acid hydrolysis, and the synthetic method for preparing acids 
and ketones by a combination of the two processes, are due to him, 
and now belong to the most familiar synthetic reactions in organic 
chemistry. Although Wislicenus accepted Frankland's formula for 
acetoacetic ester in opposition to Geuther's, as the most simple 
explanation of its behaviour, he did not succeed in throwing any 
new light on the manner in which acetoacetic ester is produced. 

1 AnnaleH, 1877, ISO, 16S. 
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Geuther/ who regarded both the sodium compound and the free 
ester as possessing the hydroxy!^ or, as we now say, the enolic 
stnicture, explained the process in the following manner : 

CH3 . COOCjHg + 2Na = CH3 • ^ . ONa + C^HjONa 

CH3. 6. ONa + CHj. COOCjHj = CH3 . C(ONa) : CH . COOC2H5 + H, 

CH3 . C(ONa) : CH , OOOCjHg + C^H^O, 

- CH3 . qOH) : CH . COOCjHj + CH3 . COONa 

Frankland and Duppa,* on the other hand, represented the reaction 
as due to the formation of a sodium compound of acetic estery which 
then united with a second molecule of acetic ester, 

CHg . COOCgHj + CHjNa. COOCaH^ 

- CH3 . CO . CHNa . COOC2H5 + CjHgOH 

CH3 . CO . CHNa . COOC2H5 + C2H4O2 

- CH^. CO. CHa . C00C,H5 + CH3. COONa 

The controversy which the structure of acetoacetic ester aroused, 
and out of which the theory of tautomerism was ultimately evolved 
(Part II, chap, vi), diverted attention for a time from the mechanism 
of the reaction. In the meanwhile, Frankland's ketonic formula for 
both the free ester and sodium compound, which expressed in a 
simple fashion the greater number of its transformations^ was 
generally accepted. 

The first serious contribution to a theory of the acetoacetic ester 
synthesis is contained in a paper by Claisen ' published in 1887, in 
which he shows that benzyl benzoate unites with sodium methylate 
and methyl benzoate with sodium benzylate to form the same 
additive compound. 

yONa 

CfiHg . COOC7H7 + NaOGH3 - CeH^ . C— OCH3 

\0C7H7 
yONa 

CeHfi . COOCH3 + NaOC^H^ - CeHg . (CoCHj 

\0CtHt 

Benzaldehyde also produces the same substance by the action of 
sodium methylate. 

2CeH5 . CHO + NaOCH, - CeHg . CCOCHaKOC^H^KONa) 

1 AfmabH, 1888, 219, 128. 

* PAfl. Trans^ 1866, 166, 87 ; Afmakn, 1866, 188, 204, 82a 

' S9r., 1887, 80, 646w 
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On the basis of this observation, Glaisen suggested that acetoacetic 
ester is produced in two stages. A molecule of sodium ethoxide 
unites with ethyl acetate and forms an additive compound, the latter 
combining with a second molecule of ethyl acetate to form sodium 
acetoacetic ester, with the elimination of two molecules of alcohoL 

.ONa 

CH3 . COOC2H5 + NaOCgHfi = CH3 . C— OC^Hg 

"^OCgH, 



/ONa 



CHa.CHOCjjHg+Ha 

\|oc^. 



CH.C00C.H 



2^S 



= CH3 . C(ONa) : CH . COOCaHg + 2CaH50H 

According to Glaisen, therefore, the active agent in the process 
is not metallic sodium, but sodium ethozide. This view received 
support from a variety of independent observations. Ladenburg in 
1870 made the interesting discovery that ethyl acetate, carefully freed 
from alcohol by means of silicon chloride, is not attacked by sodium 
in the cold, and only very slowly on heating. It was also observed 
that, when ethyl acetate only contains a trace of alcohol, the action 
of sodium at the commencement is very slow, but increases in vigour 
as it proceeds, a fact which Claisen ascribed to the liberation of con- 
stantly increasing quantities of alcohol, as expressed in his equation. 
Moreover, Glaisen's theory explained the enolic structure of the 
sodium compound, which was by this time generally recognized. 
But the most convincing proof of the active agency of sodium ethoxide 
was afforded by the large number of similar condensations effected 
between different esters or between esters and ketones either with 
alcohol-free sodium ethoxiue, or, less frequently, with an alcoholic 
solution of sodium ethoxide in place of metallic sodium. 

Some of these reactions will now be illustrated. It may be stated 
at the outset that the number of condensations effected with sodium 
ethoxide far exceeds that with metallic sodium. Acetic ester, how- 
ever, gives a very much better yield with sodium than with sodium 
ethoxide, which even at 170^ only produces about one-third of the 
theoretical amount. Sodium acts similarly with propionic and 
butyric ester, but with much diminished yields. These products of 
these two reactions have the structure, 

CH3 . CH2 . CO . CH . COOC2H5 

I 
CH3 

Propiopropionio ester. 
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CHa . CHg . CHa . CO . CH . COOC2H5 

OjHg 

Butyrobatyrio ester. 

It follows, therefore, that the oarbonyl group of the one ester mole- 
cule attaches itself to the (X-carbon of the second, and that the reaction 
may be expressed in the following general form : 

R R 

R. CO.OR+CH2. CO . OR = R. CO . CH. COOR+ROH 

Succinic ester and sodium give the interesting cyclic compound 
succinosuccinic ester, which on oxidation is easily transformed into 
dihydroxyterephthalic ester : 



CH.COOCaHg 
HjC/^iCO 

CH . COOCjjHg 

SueciDOsuocinio ester. 



C.COOCaHj 
HC/\.C(0H) 

(HO)cl JcH 

O.COOCjHj 

Dihydroxytereplithalic ester. 



If, however, it is hydrolysed and heated with sulphuric acid, it 
loses carbon dioxide and gives a cyclic ketone, which may be reduced 
to the alcohol, converted into the iodide with hydriodic acid, and 
finally reduced with zinc and acetic acid to cyclohexane.^ 



HoC 



2' 



CH, 



CO 



CH, 
H,c/NcH . OH 



OdsJCH, 
CH, 




CH 



1 



H,C/'\)HI 



'«' 



IHC/v JCH, 
CH. 



'2 



CHa 
HgC/ \CHa 

HgOs^CHj 
CH, 



Halonic ester condenses with itself in presence of sodium, giving 
phloroglucinol tricarboxylic ester, the reaction taking place in two 
steps.' 

1 Baeyer, i4ntia/«n,^1894, 278, 111. 

> Ba^yer, Bsr., 1886, 18, 8454 ; WilUtfttter, B$r., 1899, 82, 1272. 

FT. I Q 
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/COOCjHg .COOCgH 

C2H5OOCHCK + CH.< 

^00 . CH, . COOCjHj ^COOCjH 



CO CH.OOOCjHs 
- OjHjOOC. HC/ \C0 

(3?r~CH . COOCjHj 

Phloroglaoinol trioarbozylio aster. 

Other examples of cyclic compounds produced by internal con- 
densation are furnished by the action of sodium on adipic or pimelie 
esters,* 

CHj . CH, . COOCjHj CHj— CH . COOC^j 

I = I >C0 +C,H40H 

CHj • CHg . COOC2H5 CB.2 — CJH2 

Adipio ester. Gyolopentanone oarboxylic ester. 

and by the internal condensation of y-acetobutyric ester which yields 
dihydroresorcinol.' 

/CHj.CO.CHa CH^O 

HjCkC - HjCK ^CHj + CgH^OH 

^CH^.COOC^H, V^/ 

W. Wislicenus has extended the method to the preparation of 

aldehyde esters and ketonic-dibasic esters by using formic ester on 

the one hand and oxalic ester on the other. Acetone and formic 

ester in presence of sodium ethoxide yield the sodium compound of 

acetylaldehyde, GH3 . CO . GH2 . CHO, which, on the addition of acetic 

acid, almost immediately undergoes further condensation to triacetyl- 

benzena 

CO.CH3 OOOH3 

I I 

CHj C 

OHO \CH0 ^ HC|/\CH ^33^0 

CH3 . CO . HgC .CH2 . CO . CH3 CH3CO • i Jc . COCH3 

(5ho CH 

Aoetylaldehyde. Triaoetylbenzene. 

Acetophenone and formic ester can be converted in the same way 
into tiibenzoylbenzene. Formylacetic ester, which is obtained by 

1 Dieckmann, Ber.y 1894, 27, 102. 
s Vorl&nder, AnnakHj 1807, 294, 258. 
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eondensing formic and acetic esters in presence of sodium, rapidly 
passes into trimesic ester at the ordinary temperature.^ 

8CH0. CHa. COOCaHj - C6H3(COOC,H,)3 + SH^O 

Formylphenylacetic ester, which is prepared with sodium ethozide 
from formic and phenylaoetic ester, yields two desmotropic forma 
(Part II, p. 833) but doee not undergo further condensation.* 

Oxalic ester has been a prolific source of new condensation products 
owing to the ease with which it combines, in consequence no doubt 
of its acidic character. In some cases an alcoholic solution of sodium 
ethozide in place of the alcohol-free substance is sufficient to induce 
condensation. A variety of ketonic cyclic compounds have been 
prepared. For example, by condensing glutaric and oxalic ester* a 
derivative of cydopentane is obtained : 

CjiHfiOOC . CH, COOCjHfi CaH.OOC . CH— CO 

I I 

G112 + «« CII2 

CjH^OOC . CHj COOCaHu CgHgOOC . OH— CO 

Diketo-cyclopentane dicarboxylic ester. 

and by combining /9/9-dimethylglutaric ester with oxalic ester 
Komppa ^ S3rnthe8ised diketoapocamphoric acid and later camphoric 
acid (Part HI, p. 242). 

CjH^OOC . CH, COOCjHj C3H5OOC . CH— CO 

I 
(CH8),C 

CjHjOOC . CH, COOCaHj CaHgOOC . CH-CO 

Diketo-apocamphorio ester. 

Acetic ester and oxalic ester yield oxaloacetic ester, 

C2H5OOC . COOC2H5 + CHj . COOCjHi, 

- CaHfiOOC . CO . CH, . COOC2H3 + C^H^OH 

With mesityl oxide, oxalic ester gives mesityloxide-oxalic ester 
CH3 COOC^Hj} CH3 

C: 



C(CHJ,+ 



C : CH . 00 . CHj + OOOCjHj -» C:OH.OO.CHjCO.OOOC,H, 
CHs CH3 



Mesityloxide-ozalic ester. 

Oxalic ester also readily condenses with propionic and normal butyric 
ester but not with isobutyric ester. 

1 Piotti, Ber,, 1887, 20, 587. > Wislioenus, Ber,, 1887, 20, 2M0. 

• Dieekmann, JB»r., 1897, 80, 1470. « B$r., 1901, 84, 2472. 

<l2 
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In the latter observation Glaisen saw a confirmation of his theory, 

to which we will now return ; for the structure of isobutyric ester 

does not admit of the removal of the two molecules of alcohol which 

the interaction of the additive compound of oxalic ester with sodium 

ethoxide demands. 

ONa CHj 

CjH^OCO . O-OC2H5 + CH . COOOaHff 

The fiict has, however, received a much simpler interpretation from 

Dieckmann,^ who has shown that the more acidic the ^-ketonic ester, 

the less readily does it undergo acid hydrolysis with sodium ethoxide. 

Acetoacetic ester is very slowly hydrolysed at 18C with sodium 

ethoxide in alcoholic solution and is scarcely affected at the boiling 

temperature ; the monoalkyl esters change somewhat more readily, , 

whilst the dialkyl esters are completely hydrolysed on warming 

the alcoholic solution containing a trace of sodium ethoxide. The 

catalytic action of sodium ethoxide is explained by Dieckmann by 

supposing that a molecule of sodium ethoxide and then a molecule 

of alcohol are taken up by the ester and that the product then breaks 

up, regenerating sodium ethoxide : 

ONa 

CH3 . CO . CRj . COOCjHj + NaOCgH^ = CH3 . C— CR, . COOC^Hg 

\0C,H5 
>ONa .ONa 

CHaO— CRa . CO^R + CaH^OH « CHjd—OCjHs + CHRj^ . COgR 

\0C2H5 "^OCjHg 

yONa 

CHs . C— 0C,H5 = CHj . COOCjHg + NaOC^H^ 

It is clear, therefore, that the apparently passive character of 
isobutyric ester is due not so much to its structure as to the in- 
stability of the condensation product with oxalic ester. It seems 
to follow that the process depends in some measure on the acidic 
character of the final product^ or, in other words, on the stability of 
the sodium compound of the ketonic ester. If this is so, it explains 
the remarkable differences which have been observed in the effect of 
the condensing agent, the velocity of the reaction, and the amount 
of the product& 

» Ber., 1900, 83, 2670. 
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The sluggish action and unsatisfiactory yield obtained with propionic 
and still more with butyric ester may be due to the more positive 
character of the product, whilst the readiness with which oxalic ester 
enters into reactions, especially with other acidic substances like 
acetophenone, may depend upon the enhanced stability of the sodium 
compound of the ketonic ester. We are, in fact, dealing with a wide 
range of reversible reactions in which the balance changes first to 
one side and then to the other. 

We may inquire a little more fully into the mechanism of the 
changes just described. From what has been stated, one is almost 
forced to the conclusion that the use of sodium, of dry sodium 
ethoxide or its alcoholic solution, and latterly of sodamide, to which 
reference will be made presently (p. 233), only constitutes different 
modifications of the same fundamental process. 

This in itself is a strong argument in favour of Claisen's theory. 
Claisen has however withdrawn somewhat from his original position. 
In a recent paper ^ he reaffirms his view of the rdle which sodium 
ethoxide plays in forming an additive compound, but leaves unde- 
termined the nature of the succeeding changes. 

Dieckmann, by reversing the process by which he conceives 
hydrolysis with sodium ethoxide to be effected, explains the aceto- 
acetic ester synthesis by a series of reversible steps as follows : 

^ONa .ONa 



OH3O-OC2H5 + CHaOOaCaHj^CHaO— CHjCOjCgHfi + C^ll^OU 
^OCm \0C,H, 



'2"6 ^''^2'"« 



,ONa 
CH3 . C— CHj . CO AH5 ^ CHjCCONa) : CH . COaC^Hj + CJIfiU 
\0C2H5 

This scheme at first sight does not appear to differ materially from 
Claisen's original conception : but it implies that the condensation 
does not necessarily involve both steps, and that in some cases^ 
especially where ring formation is involved, the removal of only one 
molecule of alcohol may occur and determine the final result. 

Glaisen*s theory, even in its modified form, has not passed unchal- 
lenged. Nef ' explains the acetoacetic ester and many other con- 
densations as due to dissociation of hydrogen from carbon in the 
negative group of one molecule and the formation of an unsaturated 
group in the second, under the influence of the specific reagent. 

> Ber., 1908, 86, 8674 ; 1U06, 88, 709 ; 1908, 41, 1260. 

> AnwOen, 1897, 298, 218. 
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In the present case Gkisen's additire compound is snppoaed to 
lose alcohol and the unsaturated group in the nascent state to unite 
with the dissociated acetic ester molecule. 






0N» X)Na 



CH3 . C— OC2H5 -^ CHj . C<^ + CsHsOH 

yONa 
CHa-C + H— CHa . COOCgH^ - CH, . C(ONa) . CUfiOOCJIs 
'\)C,H5 \0C,H5 

-^ CHj . qONa) : CH . COOCj^Hg + CjHgOH 

The dissociation is enhanced hy the presence of negative atoms 
and groups, so that compounds containing carhonyl, cyanogen, and 
nitro groups more easily undergo condensation. Malonic ester, being 
more negative, dissociates more easily into H and GH(COOR)t than 
acetic ester into H and GH^ . COOR. 

Those reagents which promote dissociation — ^acids, alkalis, metals, 
&c. — assist condensation. The same principle is applied to other 
condensations. 

The formation of benzoylacetic ester, which cannot be well 
explained by supposing that hydrogen is dissociated from the 
nucleus in benzoic ester, is brought under a different scheme. Here 
the unsaturated group is 

y.OC2H5 

CflHfi.d-O 

I I 

which unites with acetic ester as follows : 

jOCJB.^ /OC2H5 

CjHg . C-0 + H— CHjj . COOCjHj = CeH^ . C— OH 

\)H2.COOCjH5 

^OCaHs 
CeHfi . C— OH - CeHgCO . CHj . COOC2H5 + C2H5OH 

\cH2.COOC2H5 

That the same kind of reaction should necessitate such different 
interpretations seems scarcely satisfactory. 

MichaeP has opposed Glaisen's theory for many and various 

^ J. prakt Chem,, 1888 (2), 37, 507 ; Ber., 1900, 83, 8781 ; 1005, 88, 192S. 
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reasons, but chiefly on the ground that no additive compound such 
as Claisen describes has been isolated ; that there is no evidence that 
it exists ; that, moreover, the yield of acetoacetic ester is much 
diminished by substituting sodium ethoxide for sodium, whereas the 
reverse would be anticipated. 

The formation of such an intermediate additive compound is also 
out of harmony with his ' neutralisation law *. This law, which 
is based on energy changes, has already been discussed (p. 113). 
Michael is perhaps more formidable as a critic than as a theorist, for 
his own explanation has a weak point, inasmuch as he draws a 
distinction between the mechanism of the change effected by sodium 
and that produced by sodium ethoxide. The explanation having 
reference to sodium is briefly as follows. The sodium, which is rich 
in positive potential energy, replaces hydrogen in acetic ester and 
gives rise to the compound GH^Na . COOG2H5, which isomerises at 
once to 

CHa : C{ONa)OC2H5 ; 

but the positive energy of the sodium is still unexhausted, and, in the 
next phase, the sodium acetic ester, which still possesses free positive 
energy, seizes on the carbonyl group of acetic ester, containing free 
negative energy, whereby the metal is so far neutralised that further 
condensation stops. 

yONa yy • ONa 

CH2 : C + CH3 . C « CHs . d—CHa . COOC2H5 

\0C2H5 \0C2H5 \)C2H5 

Finally, a molecule of alcohol is detached. The above change cannot 
be effected by sodium ethoxide, as it possesses less free energy than 
metallic sodiimi. 

It will be seen that so far as the acetoacetic ester synthesis is 
• concerned there is no essential difference between the views of 
Michael and Neil According to Michael, where sodium ethoxide 
is used, a process of polymerisation similar to the aldol condensation 
is induced (see p. 237). This condensation is brought about by the 
free energy of the carbonyl group in the one molecule and the 
mobility of the hydrogen atom, due to the proximity of a negative 
group, in the other molecule. Thus, the union of acetic and oxalio 
ester wiU be formulated as follows : 

1 J. prakL Ghein., 1888 (2), 87, 507 ; 1899 (2), 60, 286, 409. 
* Ber. 1900. 83, 8781 ; 1905, 88, 1922. 
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xm 

ROOO.OOOR+OHs.COOR - ROOC. C CHg. COOB 

x)Cj|H5 

The product then interacts with sodium ethoxide and a molecule of 
alcohol is finally detached. 

yONa 

ROOC.^- — CH2.COOR -^ R0OC.C(ONa):CH.0OOB 

N)C,H5 

In the acetoaoetic ester synthesis the sodium compound is formed 
previous to condensation ; in the oxaloacetic ester it takes place after 
condensation. 

A very ingenious and suggestive explanation of this and other 
condensations has been advanced byLapworth.' Lapworth supposes 
that the substance undergoes ioniaation, forming an equilibrium 
mixture of ions. 

Acetic ester wiU yield the following ions : 

— CHj.C^ +H ±5 CH,:C<" +H 

The presence of a base, by diminishing the concentration of the 
hydrogen ions, will increase that of the negative ions and accelerate < 

the change. The first represents the negative ion of an organo- ^ 

metallic compound. Being a weak ion it is capable, by reason of 
its electro-affinity, of uniting with a neutral component,' i.e. a mole- 
cule of acetic ester, and of a new complex negative ion thus : 

GXI3 . 0^002^5 

\:iH,.C00CjH5 

The process may be compared with that by which the alkyl group of 
a magnesium alkyl halide attaches itself to the carbon of a carbonyl 
group. The process being reversible, as Dieckman has shown (p. 229)^ 
the ion may lose its neutral component and break up into two mole- 
cules of acetic ester, or it may form a neutral substance with a positive 
ion, such as sodium, or it may lose the negative ion, — OC^Hg, in the 
form of alcohol, and give acetoacetic ester. 

1 2Vwit. Cksm, 8oe^ 1901, 78, 1269 ; 1902, 81, 1612 ; Proc. Otem. 80c,, 1903, 18, 
* See Abegg and Bodlftnder, ZeiL atwrg. Oum., 1899, 20, 476. 
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Lapworth has shown the close analogy existing between the aceto- 
acetic ester condensation and the Grignard and Beformatsky re- 
actions by condensing oxalic ester and bromacetic ester in presence 
of zinc or magnesium, in the manner already referred to on p. 218. 

Before concluding the subject of the acetoacetic ester synthesis 
reference should be made to the introduction by Glaisen of sodamide 
as a condensing agent. ^ In the majority of cases its action is quieter 
and more regular than either sodium or sodium ethoxide. It can be 
used in the synthesis of 1 . 8 diketones and for alkylating ketones. 
Aoetophenor.e and ethyl iodide in presence of sodamide give ethyl- 
acetophenona By the action of ethyl chloracetate on ketones, glycide 
esters are formed. The latter reaction is explained by Glaisen as 
proceeding in three phases. In the first an additive compound with 
sodamide is formed, which undergoes condensation with the ethyl 
chloracetate and is followed by the removal pf sodium chloride. 

1. OeH6.C(CH8)(ONa).NH2 

2. CeH5.C(0H8)(ONa)CHa.COOC2H5 

3. CfiHg . C(CH3)CH . COOC2H5 

O 

Vodifled Acetoae«tio Ester BynthesiB (— GOOG2H5 + CH2X ; 
X«GO, GN, &c.) It is not essential that the second member taking 
part in the above condensation process should also be an ester. The 
place of carbethoxyl may be taken by a variety of negative groups, 
such as GO in aldehydes and ketones and ON in methyl cyanide 
and its derivatives. The following examples will illustrate these ^ 
modifications. 

By combining acetic ester with acetone, acetylacetone may be 
prepared. 

Gfls .CO2G2H5 + GH3. GO . GH3 « GH3. GO . GH2 . GO . GH3 + G2H5OH 

Acetylacetone. 
Benzoic ester and acetone form benzoylacetone. 

G0II5 . GO • GII2 . GO . GH.3 

Benzoylacetophenone (dibenzoylmethane) is formed in a similar 
manner from benzoic ester and acetophenone. 

GeH^.GC^.GHj.GO.GeHg 

A variety of other compounds have been obtained by Glaisen in a 
similar way. 

1 B^r., 1905, 88, 693. 
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Ring formation is illustrated by the linking of oxalic ester with 
dibenzyl ketone.^ 



OOOC2H5 CH2 CO— CH . CeHg 

+ ScO - \C0 +2C8H5OH 

COOCaHg CH, CO— CH . CeH, 

I 

Oxalic ester also condenses in presence of sodium ethoxide with 
methyl cyanide ' and benzyl cyanide,* the first reaction taking place 
as follows : 

COOC,H. COOC0H5 

I = I +C,H50H 

COOC2H5 + CH3 . CN CO . CHjj . CN 

and the second, 

yCN 



COOC,H* C«H«CH.CN CO . CH 



6^5 



COOCjH, CjHsCHjCN CO.CH<f 



+ 



+ 2CJH5OH 



but the most interesting reactions of this type are those in which 
formic ester is employed. 

W. Wislicenus* was the first to combine formic ester with 
ketones, and obtained with acetone and acetophenone the formyl 
derlyatiyes already referred to (p, 226). Formic ester also combines 
with hippuric ester," 



.NH . COCeHu 
H.COOC2H5 + H5iC<^ 



' ^COOCjHj 



.NH . COCeHj 
« HCO.CH< +C,H50H 

XIOOCjHg 

and with methyl indole, in which the CH, group derives its negatiye 
character from the proximity of the double bond.* 

1 Glaiaen, Ber., 1894, 27, 1868. 

* Fleischhauer, J, prakL Chem., 1898, 47, 44. 

* Volhard, Annaimf 1894, 282, 4. 

* See also Claiaen, Annalen, 1894, 281, 806. 
" Erlenmeyer, Ber,, 1902, 35, 8769. 

* Angeli and Marchetti, AtH R, Aeead, Lincei, 1908, 16, 790. 
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CHj CH . OHO 

0,H4<:^C . CH, + H . COOCjHj = CgH^/^C . OH, + CjHjQH 

Oondeaaatioiis with 1 . 8-Dik«ton««, daiaaii'a ICaihod. In 
studying the action of formic ester on camphor in presence of sodium 
alcoholate, Glaisen* obtained hydroxymetkylene camphor. 

<CHj yC:CH.OH 

I + HOOOCjHj - CgHuO + CgHjOH 

Camphor. Hydroxymethylene camphor. 

The condensation product possesses strongly acid properties and 
forms salts and esters after the manner of acids. 

.C:CH.OM yCcOH.OR 

\co XIO 

With acetic anhydride and benzoyl chloride it yields an acetyl and 
benzoyl derivative. But the most significant reactions occur with 
phosphorus trichloride and the bases, anmionia, aniline and methyl- 
aniline. In the first case the hydroxyl is replaced by chlorine, in 
the second, by the radicals of the three basic groups forming amides. 
It follows, therefore, that the new carbon group contains hydroxyl, 
and since it can only be represented by the unsaturated group 
»GH(OH), the term hydroxymethylene has been given to it The 
results of this research led to the discovery of other hydroxymethylene 
compounds possessing still more marked acid properties. By the 
action of acid chlorides on acetoacetic ester or its metallic compounds 
the acyl group may replace hydrogen either in the methylene group 
of the keto form, or in the hydroxyl group of the enol form.' Since 
no acid chloride of formic acid exists, the simplest of the acyl 
derivatives, namely formylacetoacetic ester, could not be obtained in 
this way. Formic ester, which might be employed as a substitute for 
the acyl chloride, does not condense with acetoacetic ester in presence 
of sodium ethoxide, owing no doubt to the formation of the sodium 
compound of acetoacetic ester, which would inhibit any further 
reaction. This suggested the use of orthoformic ester, but this 
substance in presence of acetyl chloride condenses in the following 
unexpected fashion, giving diethoxybutyric ester.' 

^ Anmdmi, 1894, 281, 806. 

' The replacement of the radical in the hydroxyl of the enol form is best 
acoomplished by means of the acyl or alkyl halide in presence of pyridine. 
> Ber., 1898, 26, 2729. 
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CH, CH, 



I I /OCjHj 

CO CjjHjO^ C< +HC00C,H4 

+ NCHOCjHj - I \OCsH5 

Hji 02H5O^ GH2 



A 



COOCjHj COOC2H5 

Diethozybutyrio ester. 

The latter, on distillation, loses a molecule of alcohol and foims eth- 
oxycrotonic ester, the isomer of ethylacetoacetic ester. 

CH3 . C . CHj . COjCaHg = CH3 . C(OCja.^) : CH . COjCgH^ + C^H^OH 

C2H4O OC^Hj 

If, however, acetic anhydride is employed as coodensing agent, the 
following reaction occurs, which is shared by other 1 . 3 diketones^ 
such as malonic ester, acetylacetone, &c.^ 

CO CO 

I C,H,0. I 

CH2 + >CH0CoH5 = C : CH . OCgH^ + 2C,H50H 

I CAO^ I 

CO CO 

I i 

These substances represent esters of strong monobasic acids, for they 
are hydr6lysed by either water or alkalis yielding the free acid or its 
salt, and are converted into amides by ammonia or amines. The 
strength of the acids, as determined from their electrical conductivities, 
is of the order of acetic acid. Claisen concludes that the group 

CO — C— CO, which is present in these substances, may play the part 
of the s O atom in a carboxylic acid, a view which is readily under- 
stood by a comparison of the two atomic groupings, the dotted line 
enclosing the equivalent of the doubly linked oxygen in formic acid. 



|CO--C--0Oi 

CH.OH CH.OH 

Hydroxy methylene diketone. Formic acid. 
The presence of the hydroxymethylene group in these compounds 
is proved, as in hydroxymethylene camphor, by the action of phos- 
phorous chloride, which removes hydroxyl, giving the acid chloride. 

CO— C— CO 



CIICl 

1 Aiinalenf 1897, 29V, 1. 
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On heating the hitter with the sodium salt of the acid, a compound 
having all the characteristics of an anhydride is produced. The free 
acids rapidly absorb oxygen and, on warming, evolve carbon dioxide, 
when the original diketone is regenerated. 



— COv — COv 

CHOH + O = >CH8 + CO, 

— CO^ 



— COv 
— CO^ 



The compounds undergo various other interesting changes, for an 
account of which the original paper must be consulted. 

The use of aldehydes and ketones as participating members in a 
condensation introduces a whole series of closely related reactions, 
among which are included the aldol condensation, Glaisen's reaction, 
and the benzoin condensation. These reactions can only be treated 
in a very general way. It should be noted that although the 
mechanism of the change is probably closely related to that of the 
aoetoacetio ester synthesis and allied reactions, the result in the 
majority of cases is essentially dififerent, inasmuch as it leads 
indirectly to the separation of water and the formation of a double 
bond between the newly attached carbon atoms. 

The Aldol Condensation (CO + CH2.CO). This condensation, 
which was discovered by Wurtz,^ occurs between aldehydes and 
ketones^ and may be expressed by the following general scheme : 

HC : + CHo . C : O - HC{OH) . CH . C : O 
III I 11 

A second phase in the process results in the elimination of water and 

the production of an unsaturated compound. 

HC(OH). CH. C : O = CH : C. C : O + HjO 

I II III 

The first is the aldol, the second the crotonaldehyde condensation. 
Sometimes the first phase does not appear and only the second becomes 
manifest. 

The usual reagents, which effect the condensation, are hydrochloric 
acid, potassium carbonate, potassium cyanide or caustic soda solution, 
and less frequently sulphuric acid, acetic acid, acetic anhydride, and 
zinc chloride. 

The type of all those condensations is the formation from 
acetaldehyde of aldol (hydrox^^butylaldehyde) and crotonic aldehyde. 
The first reaction occurs in presence of hydrogen chloride or potas- 
sium carbonate, and ,the second either by the action of heat on the 
aldol, or by the direct action of zinc chloride on acetaldehyde. Aldol 

^ JahreOf^ 1872, 440. 
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will condense again with itself giving normal ootylaldol, as Baper 
found.^ 

CH3 . CH(OH) . CH, . CH(OH) . CHa . CH(OH) . CU^ • CHp 

Octylaldol. 

The production of mesityl oxide and phorone by the action of hydrogen 
chloride on acetone' is another example of the crotonaldehyde con- 
densation. 

CM3 CH3 



ciif 



CO + CHg.CO.CH, - CrCH.CO.CHa 

CH, 

Mesityl oxide. 



GII3 GMo GHo GII3 

\ I \ / 

0:CH:CO.CH, + C!0 - C:CH.0O.CH:C 



■•8 



/ 1 / \ 

GHj GH3 GH3 CH8 

Phorone. 

The reaction has also been used for preparing unsaturated cyclic 
compounds. Diacetylbutane and strong sulphuric add yield methyl- 
cyclopentene methyl ketone.* 

yX/Ua • GHj . GO . GS3 yCa,2 . G • GO • GU3 

GII2 —  GHj 

^GHjj . GO . GH3 \)H3 . G . GH3 

Diacetylpentane gives in the same way methyltetrahydrobenzene 
methyl ketone.* 

Olaisen's BaMtiim. A special interest attaches to the use of 
dilute sodium hydroxide solution as condensing agent, which was 
first employed by Schmidt" and afterwards studied by Glaisen.* 
Gondensations between aldehydes and a variety of aldehydes and 
ketones have been effected by this reagent. The syntheses of erythrose 
from glycoUic aldehyde and fructose from glycerose furnish examplea 
of this process (Part III, p^ 6). 

GHj(OH)CHO + GH8(0H)GH0 = CB^(OE) . GH(OH) . CH(OH) . GHO 

Glycollic Aldehyde. Erythroee. 

1 Baper, J. Attisr. Chem. Soc, 1907, 81, 1831. 

s Baeyer, Annaten, 1866, 140, 297. 

8 Marshall and Perkin, Tram, Chem. Soe., 1890, 57, 241. 

* Kipping and Perkin, Trans, Ckmn, Soc,, 1890, 57, 14. 

» Ber., 1880, 18, 2S42. • Ber,, 1881, 14, 2471« 
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In many cases the aldol phase is lost, and only the second phase 
appears. Glaisen found that benzaldehyde and acetone in presence 
of sodium hydroxide solution (10 per cent.) yield benzylidene and 
dibenzylidene acetone. 

CeH^CHO + CHj . CO • CH3 = OeHg . CH : CH . CO . CHj + H^O 

Benzylidene acetone. 

CeHgCH:CH.CO.CHs+OHCC,Hj -► C4HjiCH:CH.C0.CH:CHC,H, 

Dibenzylidene acetone. 

With o-nitrobenza1dehyde and acetone, Baeyer and Drewsen^ 
succeeded in arresting the action at the first stage and obtained the 
nitrophenyllactyl methyl ketone, which by boiling with acetic anhy- 
dride is converted into the unsaturated compound. 

NO AH4CHO + CH3 . CO . CH3 -^ N02C6H4CH(OH)CH2COCH8 

Nitrophenyllactyl methyl ketone. 

-► NOgCgH^CH : CH . CO . CH3 

Nitrobenzylidene acetone. 

In this condensation an excess of alkali is to be avoided, otherwise 
indigo is formed. 

If the new compound obtained by means of this reaction is an 
aldehyde, like cinnamic aldehyde (which is formed from benzaldehyde 
and acetaldehyde), the process of condensation may be repeated. 

C^H^CHO + CH3 . CHO - CHfi . CH : CH . CHO + H,0 

As Einhorn and DiehP have shown, cinnamic aldehyde may un- 
dergo a second condensation with another molecule of acetaldehyde 
or acetone. 

CeHfiCH : CH . CHO + CH3 . CHO -^ CeHgCH : CH . CH : CH . CHO 

This method of condensation has received an interesting technical 
application in the preparation of ionone — a substitute for essence of 
violets, the sweet-smelling principle of which it closely resembles 
both in structure and perfume. lonone was prepared by Tiemann 
and Krttger * from citral, an aldehyde contained in citron and lemon- 
grass oil (Part III, p. 257). Citral and acetone condense in presence 
of baryta solution to form pseuda-ionone, which is converted in turn 
into a mixture of a- and )S-ionone on boiling with sulphuric acid* 

(CH3)2C : CH . CH2 . CHa . C(CH3) : CH . CHO + CH, . CO . CH3 -♦ 
(CH3),C : CH . CH2 . CHjj . C(CH3) : CH . CH : CH . CO . CHj 

The conversion of pseudo-ionone into a- and )S-ionone may be sup- 

1 B0r., 1882, 15, 2857. * Ber., 1885, 18, 2820. 

' Ber., 1898,31,808. 
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posed to take place by the addition and sabsequent removal of two 
molecules of water. 

\> 

qoH) 

HjC/ jCHg . CH : CH . CO . CHj 

Hjdv JC(0H)CH, 
CHj 

/ \ 

CH,. CHj CH, CH, 

\/ \> 

c c 

H,c/\CH . CH : CH . CO . CHj HjC/\c . CH : CH . CO . CH3 
HjCvJc . CHj Hjc'.'C . CHj 

a-Ionone. ^-lonone. 

Irone, the perfume itself, is represented by the formula * 




H.CH:CH.CO.CH; 



Irone. 

Another example of cyclic formation is furnished by the conversion 
of citronellal into isopulegol.* 

(CHa)a : CH . CH, . CH, . CHCCH^) . CH, . CHO 

CHg C Hg 
« (CH3)2C:C/~^>CH.CH3 
(HO)HC CHa 

Like the aldehydes, diketones may undergo condensation with other 
ketones, and Japp * and others have succeeded in forming products 
by combining beozil and phenanthraquinone with acetone, &c. An 
interesting application of the same reaction is due to von Pechmann,^ 
who prepared quinones of the benzrne series by a similar process. 

1 Ber,j 1891, 26, 2675. * TiemaDn and Schmidt, Bar., 1896, 29, 918. 

• Bsr., 1888, 16, 275, 282. « Ber., 1888, 21, 1417. 1895. 28, 1845. 
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Thus, diaeetyl and sodium hydroxide gave first the intermediate 
product dimethplquinogen and by internal condensation j^^hgmnone. 

CH,. CK) . 00 . CHa CH3. C . CO . CH3 

CHj.CO. CO. CHs HC. CO. CO. CH, 

DiaoetyL Dimethylquinogen. 

CH..C.CO.CH3 

Jl II 

HC.CO.C.CH3 

p-Xyloquinone. 

Acetyl propionyl forms, in the same way, duroquinone. 

Snoermag^'s Beaction (CO + CH2X ; X » CO ; CN ; NO,, &c.). 
Among the earlier attempts to bring about condensation of aldehydes 
and ketones with 1 . 3 diketones and ketonic esters is that of Claisen,^ 
who, by the use of hydrogen chloride, succeeded in obtaining con- 
densation products with acetaldehyde, benzaldehyde, and acetoacetic 
ester of the formula : 

K. CU^ 

>C . COOCgHj 
CHj.CO^ 

Much more effective reagents for this purpose are ammonia and the 
primary and secondary bases, and even glycocoU and other amino 
acids can be used in some cases.' 

Japp and Streatfeild ' were the first to employ ammonia to condense 
phenanthraquinone and acetoacetic ester. 

^CO . CH3 
CeH..CO >C0.CH3 CeH4.C:C< 

I I +CHZ -► [ I XIOOC2H5 

CeH^ . CO XJOOCaHg CeH^ . CO 

In 1893 Enoeyenagel ^ carried out a much more complete investi- 
gation, in which not only ammonia, but diethylamine, piperidine and 
aniline were used with success. Thus, benzaldehyde, in presence of 
small quantities of diethylamine, condenses with acetoacetic ester 
when cooled in a freezing mixture, forming benzylidene acetoacetic 
ester, that is, the compound which Claisen obtained with hydrogen 
chloride. 



CeH^.CH.C^ 

N3 



CO.CH3 



000^5 

1 Anmiin, 18S8, S18, 178. > Dakin, Jbtoit. BioL Chem^ 1909, 7, 49. 

* 2VofM. Chem. Soe., 1888, 48, 27. 

« Afinakn^ 1894, 881, 86 ; Str.^ 1904, 87, 446. 

PT. I B 
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This example mtsy serve as the type of a very general prooeea in which, 
on the one hand, aldehydes and ketones may be used, on the other hand 
a vaiiety of 1 . 8 diketones and ketonio esters^ namely malonie ester, 
benzoylpyruvie ester, benzoylacetic ester, acetonedicarboxylic ester, 
barbituric acid, tetronie acid, acetylaeetone, benzoylaoetone, cyan^ 
acetic ester, and also succinic ester. Stobbe ' obtained the following 
by condensing acetone with succinic ester : 

OHj(v 

>C:O.COOC^, 

CH, . COOCjHj 
Acetone also condenses with cyanacetic ester.* 



CHjv >CN CHjv vCN 

>CO + H.C< - >C:0< +H,0 

X)OOC,H« CH,/ XM 



CHj/ XJOOCjHs CHj/ NJOOCjH, 

Aldehydes condense with cyanacetamide,* 

B.CHO + CHg.CN-»E.CH:C.CN 

CONH, CONH, 

and with indene as follows : * 

CHj, CH.0H(0H).C,H5 

C6HjCH0 + C<,H,<^CH - CoH^/NcH 

CH dk 

Aliphatic and aromatic nitro-compounds may replace the 1 . 8 
diketone,'^ 

R. CHO + Ri . CHj . NO2 = RCH : CR*. NOj + H^O 

and 2 . 4-dinitrotoluene condenses with benzaldehyde, 

CeH, . CHO + CH3 . CeHgCNOg), -^ C,R, . CH : CH . C,H3(N0^ 

Phihalic anhydride undergoes condensation like a ketone.* 

CO CrCH.NOj 

CeH,<f\0 + CHaNOa - CeH,<Q> + H,0 

CO CO 

> Bm-., 1898, 86, 2812 ; 1894, 27, 2406. 

a Perkin and Haworth, ZVtnw. Ckem. Soc., 1908^ 08, 1944 ; 1909, 05, 480. 

> Gabriel, Ber,, 1908, 86, 670. 

« Marckwald, Ber., 1895, 88, 1601. 

• Bcr., 1899, 82, 1298. « Gabriel, £er., 1908, 8^ 570. 
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In the same category may be included such reactions as that of 
benzaldehyde on acetic ester, giving cinnamic ester, 

CeHg . OHO + CH3 . COOC2H5 - CeHjCH : CH . COOOjHj + HgO 

and the condensation of ot-methylpyridine and ot-methylquinoline 
with aldehydes and ketones, the acidity of the methyl group being 
determined by the adjoining ON group. 

OH CH 

H0/\CH HC/\)H 

Hcl Jo . OHa + OHO . CH3 Hoi Jc . CH : CH . CH^ 

N N 

The formation of leucobenzaldehyde green is another example of 
the same process. 

CeHfiCHO + 2CeH,N(CH3). ^ CeH, . CH[CeH4N(CH,) J^ 

The action of formaldehyde requires special mention, since its 
peculiar reactivity causes it to enter into a variety of combinationa 
With malonic and acetoacetic ester it behaves like benzaldehyde, 
losing oxygen and combining with two molecules of the ester (see 
below). 

2CH2 . (COOCaHg)^ + CHjO - {C^ILfiOQfiR . CHj . CHCCOOCgHfi)^ 

It also unites with two molecules of benzene and its derivatives in 
presence of sulphuric acid or other dehydrating agent, with loss of 
oxygen, forming a diphenylmethane compound,^ 

2CeHe + CH2O - CeHg . CHg . CeH^ + H^O 

Under other conditions (e. g. in alkaline solution), however, it under- 
goes the aldol condensation. With ordinary phenol it forms a mixture 
of ortho and para hydroxybenzyl alcohol.* 

yCHgOH 

OcHfiOH + CHjO « C^R^iC 

\0H 

With nitroparaffins it behaves similarly, two molecules of formalde- 
hyde combining with nitroethane in the following way : ' 

CH3 . CHa . NOa + 2CH,0 - OH, . C(CKfiK)JSO^ 

and with a picoline it forms the derivatives^ 

CfiH^N . CHaCCHaOH) and C5H4N . CH(CHaOH)j 

1 Baeyer, 1878, 6, 25, 280, 1094; Simon, Annalenj 1903, 820, 80; Boehm, Ber^ 
1904, 87, 4461. 

> MAnasM^ Ber„ 1894, 27, 2409. 

> Henry, IZac trav. eAtm. Pay§-Bas.f 1897, 17, 189; Piloty, Ber., 1897, 80, 8161. 
* Koenigs and Happe, Ber,, 1902, 86, 1848 ; 1908, 86, 2904 ; Lipp and Biebardi 

£r., 1904, 87, 787. 
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In some eases two molecules of the 1 • 8 diketone condense with 
the aldehyde if the process is conducted under modified conditions. 
Thus, benzaldehyde and acetoacetic ester condense in presence of 
diethylamine, if the reaction proceeds at the ordinary temperature, to 
form benzylidenediacetoacetic ester. 

^CO.CH, 

C. CH, / NxX)C,Hj 

-C,H,CH( +H,0 

XJjH. \ X« . OH3 

CH< 

\000C.H5 

Compounds of this oh«racter, idiioh may be described as 1.6 di- 
ketones, are capable of internal condensation in presence of alkalis or 
hydrochloric acid, and a variety of cyclic compounds have been built 
up in this manner, of which the following is an example.' Alkyli- 
denediacetoaoetic ester undergoes inner condensation with alcoholic 
potassium hydroxide, and, on hydrolysis^ loses carbon dioxide and 
yields the cyclohexenone derivative. 



CHj . CO . CH. COOCjHj 

CHB 
CH, . 00 . OH . 0OOC.H 



»•"« 



CH..C— CH.COOCjH. 
OH CHB 
CO— OH . COOCjH, 



CMg. C C Ha 

ho/' Nohr 
ccrcHs 



An analogous reaction to the above is the formation of iaoacetophorone 
from acetone and lime. 



CH. 
OH, 



HiCH, . CO . CH, 







HiCHj.CO.CH, 



Aoetone. 



OH3 CHj . CO . OH, 

*M3 Cuj • GO • GH3 

Intermediate prodact. 




CH, CH« CO 



^£[3 CH^ C • G. 



;h 

GH3 GH^ G • GJSj 
Iaoacetophorone. 



1 AfmaUn, 1894, 281, 25 ; 1896, 288, 821. 
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Ejioevenagel explains the aetion of the condeiising agent on the 
assumption that the aldehyde fiist unites with the base. Benzalde- 
hyde and piperidine combine as follows : 

CflH5CHO + 2CfiHioNH - CcH5CH(NC5Hio)a + HgO 

The product then interacts with the diketone and regenerates the 
base, which thus plays the part of a catalyst 

CeH5CH(NC5Hio)2 + CH, . CO . CH, . COOC^Hj 

yCO.CH. 

- CeHfiCH : C< + 2C5H10NH 

XJOOCjH^ 

Another explanation based on ionisation (p. 282) has been advanced 
by Hann and Lapworth,^ in which the acetoacetic ester forms an 
equilibrium mixture of the following ions : 

CH3. CO : CH . C00CaH5+ H :^ CH,. CO. 6h • COOC2H5+ H 

The latter would then combine with the molecule of benzaldehyde 
as neutral component (see p. 282) from which, by elimination of 
a hydroxyl ion, benzylidene>acetoacetic ester would be produced. 

CH, . CO . CH . COOC^H, . CH3 . CO . C . COOjHg 

I , +H-* II +H2O 

CeH.CHO C,H,CH 

The efifect of the base might be to remove hydrogen ions by forming 
the complex NBRH, or introduce hydroxyl ions and thus increase 
the concentration of the organic ions. 

Benaoin CondansatioB. The action of potassium cyanide on 

aromatic aldehydes is a peculiar one, and may be represented by 

the oldest example — the formation of benzoin from benzaldehyde 

and alcoholic potassium cyanide — ^which was first studied by Liebig 

and Wohler.* 

CeHgCOH CeH5.CH.OH 

+ - 1 

CeHgCOH CeHg.CO 

Benzaldehyde. Benzoin. 

The reaction bears a close resemblance to the aldol condensation. 
The specific action of the cyanide, which differs fundamentally from 
that of the caustic alkalis or sodium ethoxide (which produce benzyl 
benzoate or a mixture of benzyl alcohol and benzoic acid), has 
received various explanations^' the most plausible of which is that 

1 Trang. Ckem, Soc, 1904, 86, 46. • Annafm, 1888, 8, 278. 

s Knoeyenagel, Ikr., 1888» 81, 1846 ; Kef, AnnaUn, 1897, a88» 818. 
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of Lapworth.* He suggesto that the benzaldehyde forms a cyan- 
hydrin with potassittm cyanide, which then condenses with another 
molecule of benzaldehyde, hydrogen cyanide being finally elimi- 
nated. 



CflHs 
HO.CH + 



A 



N 



CH:0 



C.H 



- r 

0:C 



HO.O- 

J 



CeHj CeHj 



CH.OH 



CeHg 
■OH. 



CN 
+ HCN 



OH 



Finaeone Condensation, A reaction not unlike that which pro* 
duces aldol and benzoin, and which was first obsenred by Fittig * 
is brought about by the action of neutral, alkaline, and occasionally 
add reducing agents on aldehydes and ketonea In addition to 
primary and secondary alcohols, this reaction gives rise to substances 
known ttspmacones. In this reaction the molecules of the original 
compound become linked by the aldehyde or ketone carbon atom ; at 
the same time two atoms of hydrogen are taken up. The compounds 
are in fact secondary or tertiary glycols. The following examples 
will illustrate the process : 



CeH.COH 

+ +H2 
CeH,OOH 
Benzaldahydo. 



CHs.CO.CHa 

+ +Ht 

CH3 . 00 . OH, 

Acetone. 

CeH, . CO . CeH, 

+ +H, 

C0H5 . CO . C0H5 

Benzophenone. 



C«H«CH . OH 



^«**5 



CeHfiCH . OH 

Hjdrobenxoin (and 
leohydrobenzoin). 

CHa.C(OH).CH, 
CH, • C(OH) . CH3 

Tetnunethylethylene gljooL 

C,H,.C(0H).C,H5 



.C(< 



C,H,.C(0H).e,H5 

Benzpinacone 
Tetnphenylethylene glyool. 



The first of the above reactions occurs only with aromatic aldehydes 
and a few of the higher aliphatic aldehydes ; the two latter are alike 
shared by aliphatic and by aromatic ketonea The reaction has been 

1 Trans,, 1908, 88, 095. 

' Amutien, 1868, 110, 28 ; 1869, 114, 64. The name pinaeone has reference to 
the tabular form of the erjntaU obtained from acetone {vSwti^ » table). 
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used for internal condensation, as, for example, in the preparation of 
dimethyldihydroxy-eycloheptane from diacetylpentane.^ 

C* G1I2 * ^^ * OM3 ^01x2 • CMj • G(0M) • CHji 

-•► CH2<; I 

..CHj.CO CHa ^CHj.CHj.qOBO.CHa 

The reduction is usually effected by sodium amalgam, the aluminium- 
mercury couple, zinc and acetic acid, or zinc and hydrochloric acid. 

No very clear explanation of the mechanism of the process is yet 
forthcoming. The action of sodium on aldehydes and ketones has 
been studied by Fittig, Beckmann and Paul, and also by Freer, and 
may possibly throw some light on the subject Kane, early in the 
nineteenth century, found that potassium liberates hydrogen from 
acetone and forms a compound C3H5OK, and more recently Freer* 
stated that he had obtained a similar compound by the action of 
sodium, to which he assigned the formula GH3.G(ONa):CH2. 
Fittig's' observation that sodium acts upon acetone with the pro- 
duction of a sodium compound of pinacone receives a ready inter- 
pretation if we assume that two molecules of a nascent sodium 
acetone become linked in process of reduction. 

CH3.C(ONa).CH3 



CH3 . C(ONa) . CH3 

Beckmann and Paul ^ have shown in the same way that benzaldehyde 
and benzophenone form sodium compounds which are decomposed 
by water. 

C3H5COH Na CeHgCH.ONa CeHgCH.OH 

+ + -♦ I +H2O -^ - I 

C.H5COH Na CeHftOH.ONa C3H5CH.OH 

Benzaldehyde. Hydrobenzoin. 

(CeH3)2CO Na (C3H3)2C . ONa {G^Us^fi.OR 

+ -♦ >0 +H2O 



(CeH,)200 Na (G,U,)/.^^ ' (C3H3).C.OH 

In the latter case benzhydrol is also formed. 

According to Schlenk * the formula of the sodium compound of 
beuzpinacone has half the molecular weight assigned by Beckmann 
and Paul, and contains tervalent carbon (p. 66). 

(CeH3)26.0Na 

1 Kipping and Parkin, Tram. Chem, 8oc.^ 1891, 69, 214. 

* Am&r, Chem. /., 1898, 16, 682 ; Bee also Taylor, Tran$, Chem. Soc., 1906, 89, 1268. 

> AtmtUm, 1869, 110, 26 ; 1860, 114, 61. 

« Amakn, 1892, 2ee, 1. ^ Ber., 1911, 44, 1178. 
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Parkm's Beftotioii. The history of this interesting reaction dates 
from Perkin's synthesis of coumarin in the year 1868.^ Coumarin, 
the sweet-smelling principle of woodruff and hay, was found to 
decompose, on fusion with potassium hydroxide, into salicyUlde- 
hyde and acetic acid, 

CjHeOg + 2H2O = C^HeO, + CjH^Oj 

Ck>umarin« Salicylaldehyde. 

from which the natmid conclusion was drawn that coumarin was 
the anhydride of acetylsalicylaldehyde. 

.CHO ^CO 

\OCaH3O XJOCHs 

By heating sodium salicylaldehyde with acetic anhydride, coumann 
was, in fact, obtained. The evidence seemed conclusive until it was 
discovered that acetylsalicylaldehyde is unchanged by acetic anhy- 
dride, although, with the addition of fused sodium acetate, coumarin is 
readily produced. The formula assigned by Perkin, which represented 
coumarin as a derivative of acetylsalicylaldehyde, was disputed by 
Fittig, who could not reconcile it with the constitution of coumaric 
acid, of which it is the anhydride ; for coumnric acid must then form 
coumarin by the removal of hydrogen from the benzene nucleus, 
a process which seemed difficult to reconcile with the properties of 
the compound. 

yCOOH ^CO 

\c0.CH3 xjo.caaj 

Fittig preferred to base his view of its constitution on a reaction 
discovered by Bertagnini ' for the preparation of cinnamicacid, which 
consisted in heating benzaldehyde and acetyl chloride. 

CeHgCHO + CH3 . COCl - CeHfiCH : CH . COOH + HQ 

The formation of coumarin might be explained in an analogous 
fiBushion. 

/ONa CHg . COv /ONa 

CcHZ + >0-#^CeH4< +CH8.C00H 

XIHO 0H,.CO^ \CH:CH.COOH 

C^n/ +CH3.COONa-#^CeH4< ^1 +H,0 

NjH.CJH.GOOH XIH:CH.C0 

The formula for coumarin as the inner anhydride of o-hydroxycin« 

> Tran». CAmn, Soc;, 1868, 21, 68. * AnMiltn, 185<^ 100, 126. 
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namio aeid is now uniyersally accepted.^ In 1877 ' Perkin published 
a new method for preparing cinnamie acid and analogous eompounds 
by means of a reaction of very general application which now bears 
his name. It consists in heating a ffttty or aromatic aldehyde and 
the anhydride of a fatty acid, together with its sodium salt, to 18(f 
for several hours. The formation of cinnamie acid from benzalde- 
hyde, acetic anhydride, and sodium acetate was explained by Perkin 
on the assumption that the anhydride acted upon the aldehyde in the 
following manner : 

CHa . COv CflHgCH : CH . C(\ 

CHj. CO^ CeHfiCH :CH .CO 

The view was, however, opposed to the observation of Geuther and 
Habner, who found that benzaldehyde and acetic anhydride yield 
benzylidene acetate : 

CHg.COv ^O.OC.CH, 

CflHfi.CHO+ >0 - CeHfi. CH< 

CHg.CO^ N).0C.CH8 

To settle the question, Perkin heated benzaldehyde and acetic 
anhydride with sodium propionate and obtained cinnamie add, 
whereas with propionic anhydride and sodium propionate, phenyl- 
crotonic acid was formed. Perkin assigned to phenylcrotonic acid 
the formula, 

CeHg . CH : CH . CH^ . COOH. 

By the interaction of benzaldehyde, succinic anhydride and sodium 
succinate, a second or isophenylcrotonic acid was subsequently pre- 
pared by Perkin, the formation of which received the following 
interpretation : 

C.H5CH6: CeH^.CH 

r i 1) 

ClH- COOH « C . COOH + H«0 + COj 

I '"' I 

OHj. iCOOjH CH, 

Fittig^' who had been engaged in a careful study of the unsaturated 
acids, was unable to reconcile the properties of the two phenylcrotonic 
acids with the respective formulae assigned by Perkin. The ofi 
unsaturated acids possess the following properties in common: 
the additive compounds with hydrobromic acid, when heated in 

> Aeoording to Michael (J. praki. Ckem.f 1899, 60, 868) Strecker was the first to 
propooe this formula in his LeMmeK, 
s Tnuu, Oiem. Soc, 1877, 82, 889. > B9r., 1894, 97, 2668. 
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aqueous solution, either loee hydrogen bromide and pass back into 
the original compound, or the bromine atom is repUioed by hydroxy!, 
whilst in alkaline solution, carbon dioxide and hydrogen bromide 
are removed, and an unsaturated hydrocarbon results. )3-bromo- 
phenylpropionic acid reacts in the following way : 

1. CflHfiCHBr . CHj . COOH - CeHj . CH : OH . COOH + HBr 

2. CeHfiCHBr . CH, . COOH + H^O 

- CflH^CHCOH) . CH J . COOH + HBr 

8. CeHfiCHBr . CHj . COONa - C^HgCH : CH^ + NaBr + CO, 

It was the first and not the second phenylcrotonic acid which behaved 
in this way and gave with sodium hydroxide solution the unsaturated 
hydrocarbon, methylstyrene, C^KfiB, : CHCH3. The two formulae 
must consequently be reversed. It follows, therefore, that in the 
reaction between benzaldehyde and propionic acid, it is the ot-carbon 
of the acid which attaches itself to the carbon of the aldehyde 
group.* 

In order to follow the phases of the second reaction, Fittig and 
Jayne' repeated Perkin's experiment with benzaldehyde, succinic 
anhydride, and sodium succinate, but at a temperature of 100^ instead 
of 180°, with the following interesting results : no carbon dioxide 
was evolved, but phenylparaconic lactone was formed, which, on 
heating, evolved carbon dioxide and yielded isophenylcrotonio acid. 
Fittig explained the changes as follows : 

COOH COOH 



L ._ 1 



0,H,CHO + CH,.CH, -♦ CjEgCHCOH) . CH . OH, -.. 

COOH COOH 

COOH 

C,Hj . CH . CH . CH, -*■ OeHjCH : OH . CH,COOH + CO, + H,0 

I I 

O CO 

PhenjlpAraconio lactone. Isophenylerotonxe aeid. 

The production of a hydroxy compound, which, as in the aldol 
condensation, Fittig assumed to represent the first phase of the 
process, was rendered still more probable by the formation of phenyl- 
hydroxypivalic acid from benzaldehyde and sodium isobutyrate in 
presence of acetic anhydride.' 

1 This Tidw had already found expression in UarkownikolTa law, Xtinolm, 
1868, 146, 848, and had been further insisted on by Michael {Ber.^ 1878, 11, 1016). 
> AfnuUen, 1888, 216, 97. > AnneUm, 1888, 816, 115. 
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CH, OH, 

I 1 

CjHj . CHO + CH . COONa - CHj . OH(OH) . C . COONa 

OH, CH, 

Phenylhydrozypiyalio aoidL 

Fittig found, moreover, that in the preparation of phenylparaoonic 
lactone at the lower temperature, acetic anhydride may replace with 
advantage succinic anhydride, and this led him to infer that it is the 
aldehyde and the sodium salt which interact, and not^ as Perkin had 
assumed, the aldehyde and anhydride. By conducting the process 
at 100° he in fact obtained, from benzaldehyde, sodium propionate 
and acetic anhydride, phenylcrotonic acid, and from sodium butyrate 
and acetic anhydride, phenylangelic acid. The fact that Perkin had 
obtained cinnamic acid from benzaldehyde, acetic anhydride, and 
sodium propionate now received a simple explanation, for if the 
reaction is conducted at 100°, the sodium salt of the acid reacts, 
whereas at 180^ double decomposition will occur between the acetic 
anhydride and sodium propionate or sodium butyrate, yielding sodium 
acetate and propionic anhydride or butyric anhydride. The sodium 
salt then produces, with benzaldehyde, cinnamic acid. Fittig's view 
received apparent confirmation from the experiments of Stuart,^ who 
prepared analogous compounds with malonic and isosuccinic acids, 
both of which are incapable of forming anhydrides Fittig then drew 
the following conclusions: Perkin's reaction occurs between the 
aldehyde and the sodium salt of the acid in two stages ; in the first 
a hydroxy compound is formed, condensation taking place between 
the aldehyde and ot-carbon of the acid ; in the second, water is 
eliminated. In the case of polybasio acids a lactone may be formed 
from which water and carbon dioxide can be removed on heating. 
In spite of apparently convincing proo&, Perkin* did not relinquish 
his original view that the interaction takes place between the anhy- 
dride and the aldehyde, a view which is also shared by MichaeL 
Perkin pointed out, for example, that the formation of phenylangelic 
add on heating a mixture of benzaldehyde, sodium butyrate, and 
acetic anhydride to 100° does not prove that combination occurs 
between the aldehyde and the sodium salt ; for, in the first i>lace, 
cinnamic acid cannot be formed under any circumstances at this 
low temperature, and secondly, the sodium salt and acetic anhydride 
react readily at 100° to form sodium acetate and butyric anhydride, 
and the same is true of the salts of other higher fatty acids." Perkin 

> £0r., 1888, 16, 1486. > Tran$. Chem, Soc, 1886, 47, 317. 

• Michael, J. prakL Chenu 1899, 60, 861. 
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suggested that in the preparation of cinnamic acid, the benzylidene 
diaoetate, which is produced by the interaction of benzaldehyde and 
acetic anhydride, and which is known to decompose into cinnamie 
acid, may undergo isomeric change and then lose a molecule of acetic 
add. 

COCHa X).(X).CH, 

OCHa ^CHj.OOOH 

-^ CeHg.CHrCH.COOH + CjH^O, 

Perkin's theory of the process bears a strong resemblance to that 
recentlysuggested by Glaisen^ toexplain theacetoacetic ester synthesis. 
These conflicting results are difficult to adjust, and the question of 
the course of the reaction must be left for the present undecided. 

Thorpe's Seaetion. A veiy different reaction from the forgoing 
has already been referred to in the introduction to this chapter, namely 
one involving isomeric change between molecules or parts of a mole- 
cule> a reaction which has been introduced and ehiborated by Thorpe 
and his co-workers.' To take a simple case, sodium cyanacetic ester 
combines with cyanacetic ester as follows : 

CjHftOOC.CH, 

+ HCNa(CN) . OOOCjag 



Ah 



CoHaOOC . CH- 

I 
C( : NH) . CNa(CN) . COOCjH, 

A similar reaction takes place when a cyanogen group is rendered 
acidic by attachment to a benzene nucleus : 

C^HgCN + HaCiCN) . COOCjjHg = CeHgCCNH) . CH(CN) . COOCjjHj 

Benzyl cyanide, which may be substituted for the molecule of cyan- 
acetic ester, condenses in presence of sodium ethozide in a similar 
fashion : 

CeH5CN + H,C(CN)CeH5 - CeH5C(NH)CH(CN)CeH4 
These reactions serve admirably for preparing cyclic structures^ 
provided two cyanogen groups are suitably situated within the 
molecule. 

On heating an alcoholic solution of o-zylylene cyanide with a 
little sodium ethozide, ring formation at once takes place, with the 
formation of a cyclopentane ring : 

1 Ber.f 1908, 86, 8674 ; 1905, 88, 709. 

a Trans, Chem. Soe.^ 1904, 86, 1726: 1906, 88, 1906 ; 1907, 91, 678, 1004 ; 1906. 
98, 166. 
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-► C^^/^ \C:NH 
-•^ CH(CN) 

and oS-dicyanovaleiic ester (tetramethylene cyanide not being avail- 
able for the purpose) gave a corresponding compound. 

CHj.CHj.CN CH,.CH(CN) 

Nc:NH 
CH..CH.CN ~ " 



CHo. CM 



I 



i. 



COOCaHg COOCjHj 

These compounds are readily hydrolysed by heating with dilute 
sulphuric acid, the C : NH group exchanging I^H for oxygen. In the 
last example hydrolysis converts the cyanogen group into carboxyl, 
which along with that of the ester group is removed and cyclopen- 
tanone is formed. 

CHa . CH(COOH) CHg . CH, 



\C:NH 
CHj, . CH(COOH) 



\co 



Naphthalene derivatives have also been obtained by condensing 
benzyl cyanide with sodium cyanacetic ester and then heating the 
product 




|C:NH 

IcH . COOCgHj 



V yK JGrL . COOC2I15 
C:NH 



With concentrated sulphuric acid the latter passes into the di- 
aminoHM>mpound and, finaUy, on hydrolysis of the ester group and 
heating, into naphthylene-diamine.* 

CH CH 

''''V^C.NH, /YNCNH, 

.. JcH.COOCjHg 
C.NH, 

SSFEBSHCXS. 

DU s^nOiettsehen Darstdlungsmethoden der K<Mef%8tqff''VerHndungmt by K. Elba. 
Barth, Leipzig, 1889. 
SynUUHaehs Methoden der vrganischen ChtmU, by T. Poener. Leipzig, 1908. 

> Trans, Chem, Socy 1907, 91, 1687 ; 1909, 95, 261. 
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ArUitsmethoden fOr crgain*itch'ehemi9dhi$ Laboratorieny 8rd ed., by LasMr-Cohn. 
Vofls, Hambarg, 1902. 

Die MeUiodgn der wganiachen Chemie^ yoL ii| part i, by Tb. Wejl. Thieme^ 
Leipzig, 1911. 

II. UNION OP CABBON AND NHHOGEN 

OarboB-Vitrogen Chain Fomiation. In order to understand the 
processes underlying ring formation in heterocyclic compounds con* 
taining nitrogen, it is desirable to consider first the various reactions 
which determine the simple linking of carbon and nitrogen. Com- 
pared with methods of union of carbon and carbon the number is 
much more restricted and the attachment generally less stable. 

Substitation Methods. It is not always easy to differentiate 
between reactions effected by replacement and by addition. 

1. For example, the action of alkyl iodide on an amino or imino 
group, which appears to be one of simple substitution, cannot be 
explained in this way. Nitrogen, being more electronegative than 
carbon, should attach hydrogen more firmly, nevertheless alkyl 
halides have no action on paraffins. But if we suppose an additive 
compound to be first formed and hydrogen iodide then removed, the 
process becomes more intelligible. 

CH3 

I 
— NHa + CHgl -•► — NHjs -^ — NHCH3 + HI 

Other reactions leading to the union of carbon and nitrogen by 
replacement are : 

2. The action of acid chlorides on amino- and imino-compounds^ 
giving amides. 

8. The action of ammonia and amino-compounds on esters with 
elunination of alcohol, and, in some cases, on acids with separation of 
water, giving amidea 

4. The action of amino- or imino-compounds on unsaturated 
alcohols (tautomeric diketones and ketonic esters). 

>C=C(0H)4-HN< -^ >C=C— N< + H20 

5. The action of aldehydes and ketones on amino-compounds and 
hydrazines, giving unsatui-ated compounds by removal of water. 

>CO + HaN— -^ >C:N— + H2O 

6. The action of nitroso-compounds on the CH^ group suitably 

situated. 

>CHg + ON— -•► >C:N— + HaO 
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AiUUtive Methods. Among the methods ue : 

1. Beactions by direct addition of unsaturated compounds, as in the 
formation of pyrazole from acetylene and diazomethane, 

CH CHg CH=CHv 

CH ^ ^=^ ' CH=N / 

Acetylene. Diazomethane. Pyrazole. 

2. BeactionB involving intermolecular isomeric change of the 
following general form : 

NH« + CN = HN.C:NH 

I i i i 

This reaction has been frequently applied in ring formation, as in 
the case of amino-indole, which is prepared from o-amino benzyl 
cyanide in presence of alkalis ; ^ 

CH, ca 

\A \A/ 

NHjj NH 

8. Another reaction of the same type is that of the union of 
A saturated amino-compound with an unsaturated acidic group. 

— NH, + >C:C< = NH.C— CH 

Piperidine combines with fumaric and other unsaturated esters.' 

HC . COOCjHj C5H10N . HC . COOCaHfi 
C,HioNH+ II - I 

^ HC . COOC2H5 H.C . COOCjHg 

4. Intramolecular change effected by Beckmann's reaction (Part II, 
p. 866), is one which has also been used in ring formation.' The 
oxime of cydopentanone gives piperidone^ 

CHj-^CHo CHa-CHj— <30 

I \C:N0H -♦ I I 

CHa— CH, CHa— CH,— NH 

Cydopentanone oxime. Piperidone. 

Stability of Carbon- Vitrogen Cham Fonnation. The attach- 
ment of carbon and nitrogen such as occurs in the case of the amines 
And amino-compounds, in which both atoms are saturated with 

' PschoiT and Hoppe, B«r., 1910, 48, 684. 
' Bahemann, Trani. Chem, 5oe., 1898, 78, 728. 

s Kipping, Proe. Chem. Soe,, 1898. 0, 240; Wallach, Annaim, 1900, 813, 171 : 
Bamberger, Ber., 1894, 37, 1964, 8796. 
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hydrogen or hydrocarbon radicals (forming the group CHg . NR^) is 
about as stable as the carbon-carbon union in paraffins. The most 
drastic treatment will rarely sever the carbon from the nitrogen. 
This condition is, however, greatly modified if the hydrogen of the 
CH2 group is replaced by oxygen. The basic character of the 
nitrogen is not only greatly weakened, but the new group, GO . NR2 , 
which is characteristic of the class of amides, is readily hydrolysed by 
alkalis, and the carbon and nitrogen separated, the former as carboxyl 
and the latter as ammonia or amine. This effect of oxygen in 
weakening the attachment of the neighbouring atom seems to be 
common to all chain and ring formations. 

The union of unsaturated carbon and nitrogen (RC;N, RN:C, 
RjGiNR) which occurs in such compounds as the cyanides, is(^ 
cyanides, oximes, hydrazones, &c, is likewise readily severed by 
hydrolysis with acids. It may be convenient here to draw attention 
to the nature of the nitrogen-nitrogen combination occurring in carbon 
compounds. It appears at first sight somewhat remarkable that the 
union of nitrogen with itself should be so much less stable than that 
of carbon. Carbon, it is true, is electrochemically more inert than 
nitrr^gen, which is the more electronegative element ; but it seems 
scarcely adequate for explaining the fact that a chain of at least sixty 
carbon atoms may exist in a stable condition in the case of the 
paraffin hexacontane, CeoHi28» whilst the longest chain of nitrogen 
atoms saturated with hydrogen or hydrocarbon radicals, so fu* pi >- 
duced, contains only three nitrogen atoms. The substance in question 
was obtained with great difficulty by Thiele ^ by the reduction of the 
corresponding unsaturated triazene compound in the cold, but is of 
so unstable a character that it decomposes above 0° and could not be 
isolated in the pure state* 

NHjv NH2V 

Nc.NH.N:N.CONHg -•► >C- NH.NH.NH.CONH, 
NH^ NH^ 

Triazene compound. Triazane oompoundL 

Unsaturated nitrogen chains are much more stable and maybe obtained 
with comparative ease, containing two, three, four, and five atoms of 
nitrogen, as in the diazo- and the diazoamino-compounds, R • N=N . 
NH . R, the diazohydrazides, RN=^N . N(R) . NH^, the tetrazones 
RjN . N=N . NRjy and the bis-diazoamino-compounds, obtained by 
combining two molecules of a diazo-compound with one molecule of 
ammonia or amine, R . N=N . NH . N=^N . R None are, however, 
very stable, and all readily decompose with acids or when heated, 

1 Annakn, 1899, 806, 84. 
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giving o£F nitrogen, often with explosive violence. The longest 
unsaturated chain so far obtained is tetraphenyloctazene, and contains 
eight nitrogen atoms. ^ 

CeHgN : N . NCCeHg) . N : N . N(CeH5)N : N . CeH^ 

Tetraphenyloctazene. 

Only a very minute quantity was prepared, as it rapidly suffers 
decomposition. 

Sing Formatioii. Ring formation seems to be governed by the 
same general principle which underlies that of the carbo-cyclic com- 
pounds, that is, the stability increases up to five and six-atom rings 
and is not seriously affected in such cases by the replacement of carbon 
by nitrogen at least to the extent of four atoms ; in fact, unsaturated 
ring systems of five atoms appear to increase in stability with increase 
in the number of nitrogen atoms up to the above number. In con- 
sidering the stability of ring structures containing one nitrogen atom 
it is interesting to follow the formation of the latter by the general 
method of heating the hydrochloride of the diamine, when ammonium 
chloride is removed and a saturated ring system produced. Tetra- 
methylene-diamine hydrochloride, for example, gives pyrroliduie. 

CMq . CIis . NH^ • SCI CMj — CIij 

SnH + NH4CI 

CII2 • CII2 • NS2 • SCI CS2 — CS2 

The same reaction takes place with pentamethylene-diamine, giving 
a six-atom ring ; but the higher homologues give other products. The 
compound obtained by heating octomethylene-diamine and which was 
formerly supposed to yield a nine-atom ring has been shown to be 
butyl pyrrolidine. 

CSa CSn 

II 
CS3 . CS2 • CH2 * CS2 • CS CS2 

NH 

Although the four-ring system, trimethylene-imine, is produced by 
heating the hydrochloride of trimethylene-diamine, its formation is 
accompanied by a variety of complex by-products, whilst the corre- 
sponding ethylene-imine cannot be prepared by this method. Thus 
the five and six-ring systems appear to be the most stable. 

Trimethylene-imine is probably produced by heating bromethyl- 
amine with potash, when hydrogen bromide is removed andacompound, 

^ Wohl and Sohiff, Ber., 1900, 83, 2745. 
PT. I 8 
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G2H5N, formed ; nevertheless the substance behaves in many respects 
like an unsaturated compound, uniting with hydrogen chloride, giving 
ohlorethylamine, and with sulphurous acid to form taurine. On the 
other hand, it may be argued that ethylene oxide shows the same 
tendency to pass into an open-chain structure by addition, so that 
at present no definite conclusion can be reached. Harckwald^ is 
inclined to adopt the ring formula on the ground that the product 
of the action of benzenesulphonic chloride is insoluble in alkalis and 
consequently the original nitrogen was present as an imino group. 

A trimethylene-imine ring can be prepared from trimethylene 
bromide and toluene sulphonamide. 

BrCHa CH, 

CH3 . CeH^SOjNHa + NcHg « CH3 . CeH^SOgN/^CHj + 2HBr 

jBrCHj CM2 

From this, the toluene sulphonyl group may be removed by reduction, 
leaving trimethylene-imine in the form of a liquid boiling at 63° 
with a strong anmioniacal smelL Like ethylene-imine it is very 
unstable and readily passes into an open chain by the action of acids. 

Carbon-Nitrogen Bing Formation. The various types of re- 
actions summarized in the foregoing paragraphs will explain the 
greater number of processes applied to the formation of heterocyclio 
ring systems, containing nitrogen. As the synthesis of six-atom 
rings containing one nitrogen atom will be discussed later under 
alkaloids in Part III, p. 266, we shall illustrate the above 
reactions by reference to five-atom rings containing from one to 
four atoms of nitrogen. An attempt to extend the study to other 
ring systems would occupy more space than the theoretical value 
derived from such a comprehensive treatment of the subject would 
warrant. 

The system of nomenclature applied to these five-atom ring struc- 
tures is to indicate the number and position of the nitrogen atoms 
in the first part of the name, to which the suffix -ole is then attached. 

8'HC-CH3 HC-CH HC— CH 

II II II I II II 

2'HC CH2 HC N N N 

\/ \/ V 

INH NH CH 

I 

Pyrrole. 1 . 2 Diazole. 2 . 2^ Diazole. 

1 Bbt., 1899, 82, 208«. 
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HC~CH 

II II 
N N 

\y 

NH 

1.2.2' 
Triazole. 



N-CH 

II II 
HC N 

1.2.8' 

Triazole. 



HC— N 

II II 
HC N 

\X 
NH 

1.2.S 
Triazole. 



N— N 



HC— N 



HC CH 

\/ 
NH 

1.8.8' 
Triazole. 



N N 

\/ 
NH 

Tetrazole. 



The various reduction products are indicated by adding the termi- 
nation -ine to the name if two hydrogen atoms are added, and if 
four hydrogen atoms are introduced the termination -idine is added, 
whilst the presence of a ketone group in the ring is indicated by the 
suffix 'Onef &c. Thus pyi*role forms on reduction the compounds 
pyrroline and pyrrolidine, and if, in the last, two hydrogen atoms are 
replaced by oxygen, the product is called pyrrol idone. 

HoC-CHo HaC— CO 

II 
HgC CHa 

\/ 
NH 

8. Pyrrolidone, 



HaC— CH 



I 



H^C 



II 
CH 

\/ 
NH 

Pyrroline. 



H2C CH2 

NH 

Pyrrolidino, 



The parent substances themselves exhibit for the most part weak 
basic characters, due no doubt to the acidic character of the imsatu- 
rated nucleus, for the basicity is immediately enhanced on reduction. 
Whereas pyrrole is weakly basic as well as weakly acidic (the 
hydrogen of the NH group is replaceable by alkali metals as in 
phenol), pyrroline has all the properties of a secondary base and 
pyrrolidine is still more strongly basic, with an ammoniacal smell 
resembling piperidine. 

Among the methods used for obtaining members of the pyrrole 
series are : 

1. The action of ammonia on 1 . 4 diketones which follows the 
R R R 



course 



CH2— CO 



CH,— CO 



CH = C.OH 



Nil, 



CH = C.OH 



^2 



R 



CH = C.OH 

I 
R 

R 

CH-Cv 
-"^ I >NH + H,0 

CH = G^ 

I 
R 

that is, the diketone isomerises to the tautomeric form. 

s 2 



CH = C.NH2 

I 
R 
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2. The action of Leat on glutamic acid, 

yCOOH 

CHjj— CH CHa— CH . COOH 

^NHa -^ I NnH 

CHa— COOH CHg— CO 

3. Succinimide, derived from succinic anhydride by the action of 
ammonia, may be regarded as a pyrrolidone, for it may be converted 
into pyrrolidine on reduction with sodium in alcoholic solution. 

4. Pyrrolidine is also formed by heating the hydrochloride of 
tetramethylene diamine, or by removing hydrogen chloride from 
5-chlorobutylamine. 

CHjj . CH; . NHg CH2 . CHjv 

I -^ I \NH + HC1 

CH2 • CH2 • Cl CHj • CH^^ 

5. Pyrrole itself is prepared by heating ammonium mucate, which 
is probably converted into pyromucic acid, and then reacts with 
ammonia, at the same time losing carbon dioxide. 

CH— CH HC— CH 

II II NH. II II +CO2 

CH C.COOH --> HC CH 

O NH 

It should be pointed out that the stability of the ring is greatly 
weakened by attaching oxygen to the carbon members of the 
ring. Succinimide, for example, is readily hydrolysed and the ring 
broken. But the non-oxygenated derivatives are comparatively 
resistant to ring cleavage. It can, however, be effected if the open 
chain is prevented from closing by the presence of a reagent with 
which the compound can combine. Thus, the pyrrole ring can be 
broken by alkalis in presence of hydroxylamine. Water is taken 
up, ammonia expelled, and the dialdehyde, thus produced, unites with 
the reagent, 

HC — CH H2C — CH2 H2C — CH2 

II II +2H,0 =11+ NH3-* I I 

HC CH OHC CHO HON:CHCH:N0H 

NH 

Pyrazole and its homologues have weak, but distinctly basic pro- 
perties, forming salts and, double salts and behaving as secondary 
bases. 
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Its formation, and that of its numerous derivatives, may be 
accomplished by an extraordinary variety of synthetic methods. 

1. A process of addition is illustrated by a method corresponding 
to the formation of pyrazole from acetylene and diazomethane 
already referred to (p. 204). Other acetylene and olefine derivatives 
may be substituted for acetylene, and diazoacetic ester for diazo- 
methane. Fumaric ester unites with diazoacetic ester thus : 

CH . COOC0H5 HC . COOC2H5 aHgOOC . C — C . COOCjHg 

/\ +11 = I 



N=N HC.COOCoH, N C.COOaH 



'2"5 



NH 



'2"6 



Where open-chain compounds combine by substitution, it is 
requisite that union takes place at two points. Combination, with 
simultaneous elimination of halogen acid and water or alcohol, is 
illustrated by the following: 

Epichlorhydrin and hydrazine combine in presence of zinc chloride, 
and at the same time hydrogen is eliminated and pyrazole is formed. 

CH2-CH . CH2CI HO . CH=CH— CHaQ HC=CH— CHj 

O HjjN NH3 HN NH 

HC CH 



-> N CH 

\/ 
NH 

j8-Chlorobutyric acid and phenylhydrazine give 2-phenyl, 3-methyl, 
1-pyrazolidone, which, on oxidation, gives the corresponding pyra- 
zolone : 



CH3- — CHCl — CH2 CH3.CH— CH2 CH3 . C=^UJtl 

I -> II II 

COOH CeHg.N CO C0H5.N CO 

\/ \/ 

CcHfi . NH— NHj NH NH 

Phenylmethyl Phenylmethyl 

pyrazolidone. pyrazolone. 

)9-Iodopropionic ester and phenylhydrazine react in a similar 

way. 

CHqI— CHo HoC — CHq 

I II 

NHj COOCaH^ -»- HN CO +CjHsOH + HI 

NH.C,H, N.C.H, 

Substitution and intramolecular isomeric change occurring together 
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are illustrated by the union of acrolein and acrylic acid with hydrazine 
and its derivatives : 

HC-CHO HaC— CH EC— CO. OH HjjC— CO 

II "^ I 11 ; II "^11 

HgC NHg HgC N HgC NH, H^C NH 

/ \y / \y 

H^N NH H^N NH 

But the most prolific source of p3rrazole compounds is that 
furnished by the method of Knorr, namely, the interaction of 1 . 3 
diketones or ketonic esters with hydrazines. The most familiar 
example is that of acetoacetic ester and phenylhydrazine : 

CH3 • CO . CH2 CH3 . C — CH2 

I -> II I +C2H50H+H20 

NH2 CO.OC0H5 N CO 

\ \/ 

NH N 

CeHg CgHg 

If a 1 . 3 diketone is used in place of a ketonic ester two molecules 
of water are removed and no oxygen appears in the product. Acetyl 
acetone and hydrazine react thus : 

CH3 . CO . CH. CH3 . CO . CH CH3 . C^-CH 

I -^ II -^ II II _ 

NH2 CO.CH3 NH2 COH.CH3 N C.CHs 

\ \ V 

NH2 NHa NH 

2 . 2' diazoles (glyoxalines, iminazoles) are stronger bases than 
the foregoing and form stable salts with acids. The common method 
for obtaining them is by the combined action of ammonia or amine 
and aldehyde on an ortho diketone : 

R— CO R— C— Nx. 

I +OCR + 2NH3 = II >C.R + 3H20 

R— CO I R-C~NH^ 

H 

Another method is by the removal of a molecule of acid from 
a diacyl diamine : 

CHa— NH . COC^Hs CHa-N^. 
I = I ^CCoH^+CeH^COOH 

CH2— NH . COCgHfi CHj— NH/ 

Finally, the linking of a molecule of urea with chloracetal and 
removal of alcohol gives a diazolone. 
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CHCOCjHJj NILj CH=N 



+ ^CO 



NcO + 2Cj,HjOH 



> 

CHaCl NHj CHg— NH 

CH— NH 

CO 
CH~NH 

The 1.2.2' triazoles (osotriazoles) are mostly oils with an alka- 
loidal smell, and weak basic characters. At the same time they are 
remarkably stable towards oxidising agents, the side-chains being oxi- 
dised like those of benzene derivatiyes to carbozyL Nitro-compounda 
and sulphonic acids can also be obtained by nitration and sulphonation 
in the ordinary way, whereas, in the case of pyrrole and pyrazole 
derivatiyes, special methods are requisite.^ v. Pechmann was the 
first to prepare them by a reaction which illustrates the greater 
stability of the five-carbon over that of the six-carbon ring. When an 
osazone is oxidised it is converted into a tetrazone, which, by the 
action of dilute mineral acids, loses one nitrogen group as primary 
amine. 

E . C : N . NHCeHj R . C=N— N— CeHg 

I -> I I 

R . C : N . NHCeHg R . C=N— N-CeHg 



H,0 RC=N> 

CeHg + CeHfiNHji + O 
RC= 



I >N. 



The free oxygen, which is liberated, acts upon and resinifies 
a portion of the material. 

A second method consists in removing, by means of acetic an- 
hydride or dilute alkali, the elements of water from the hydrazoxime 
of a 1 . 2 diketone, 



R . C=N . NHC^Hg R . C=Nv 

R.C=N.OH R.C=n/ 



NCgHi 



The 1.2.8' triazoles contain the atoms of the ring in the order 
— C — N — C — N — N — so that such combinations as the following 
might be anticipated : 

1. —CO NH2.CO 2. — CO.NH.COOCjHg 

I + I 

OH HjjN.NH -l-NHjj.NH— 

^ Indol- und Pyrrolgrtqfpe, by Angeli. Ahrens' Vorirctge, 1912, 17, S12. 
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8. — CO.NH» + CO 4. — CO.NH— 5. H»N— C 

I I II 

H,N— NH HjN— N — OC.HN— N 

AH these processes can be applied in one form or another, and one 
ample will be given of each. 

1. Formic acid combines with phenylsemicarbazide : 

H„N— CO N— CO 

I -* II I 

H— CO NH HC NH 

/ / „ \/ 

OH NH.CeHj NCgHj 

2. Phenylhydrazine reacts with acetylurethane : 

CH. . CO— NH CH. . C- NH 

I -* 11 I 

H.N COOC.H. N CO 

\„ \/ 

NH . CgHg N . CgHg 

3. Formamide and formylhydrazide give triazole : 

NH, OCH N— CH 

I + I -* II II +2H,0 

HCO NH HC N 

/ \y 

NHg NH 

4. The fourth and fifth reactions are illustrated by intramolecular 
combination as follows : 

HN— C.CO.CH3 N— C.COCH3 

CHsCON CH3.C I 

/ \/ 

HN.CjHs N.CcH. 

6. Formylthiosemicarbazide gives, on heating, mercaptotriazol^ 
which, on oxidation with hydrogen peroxide, loses sulphur: 

H,N— C . SH N— C . SH N— CH 

HCO i ^ hU -* hH 

\/ \/ \/ 

NH NH NH 

An interesting example of intermolecular isomeric change is that 
of the action of phenylcyanide on phenylhydrazine, which occurs in 
several phases : 
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HN+CN.CH 



«"8 



CjHiCN + NHj . NH . C.Hj = CaHj . C NHj 

NC,H, 
HN HjjN.C.C.Hj 



N— C.C„H 



CaHk . c 



'6"5 



N 



6-"« 



amc N 



'6*-^6 



NCeH, 



NCjHj 

1.2.8 triazolee belong mainly to the aromatic series in the form 
of azimidobenzene and its derivatives : 

A— N 

II 
NH 

Azimidobenzene. 

and few members of the single-ring system, obtained by direct 
synthesis, are known. Like the foregoing, they are very stable, and 
may be obtained indirectly by oxidising and removing the benzene 
nucleus. Thus, azimidobenzene on oxidation gives the triazole dicar- 
boxylic acid, from which carbon dioxide may be removed : 



NH 



N 

I 



HOOC.C— N 



HC— N 

hJH 

NH 



HOOC.C N 

\/ 
NH 

As azimidobenzene and its derivatives are readily prepared by 

a variety of methods, the formation of single-ring compounds affords 

no difiSculty. The union of acetylene dicarboxylic ester ynth diazo- 

benzolimide is an interesting modification of the p3rrazoIe synthesis 

described on p. 204. 

N=N CCOOCgH. N— C.COOCjHj 

\/ + III -* H !l 

NC,Hj C.COOCjjHg N C. 

NC,H, 
Diazobenzolimide also condenses with ketones, 1 . 8 diketones, and 
ketonic esters.* 

N.CeH, CO.R HN.C.Hg 

^ Dimroth, Btr., 1906, 80, S920. 



COOCH 



»"S 



N. 



n'IJIc. 
N . c,n. 



c— 

R 
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Diazoaoetamide, when waonsd with alkali, is converted into tri* 

azolone : 

CH— CO N— CHj 

/\ I -* II i 

N=N NHo N CO 

Nn 

The 1.8.8' triazoles, the fourth group of isomers, may be prepared 
from phenylthiosemicarbazide, CgHgNH . CS . NH . NH,. On treat- 
ment with an acid chloride (benzoyl or acetyl chloride), the change 
occurs as follows : 

N— NH N— N N— N 

" I II II II It «XT 

HS.COC.C.H. -^ HS.C C.C-H. -► HC C.CeH, 

\ \/ \y 

NH . CjHs N . CgHg N . CeHj 

The sulphur can then be removed by oxidation. 

Diphenylthiosemicarbazide and carbonyl chloride can also be con- 
verted into a triazole derivative : 

N— NHC,Hg N— N . CjHj 

HS.cl +C1,C0 = HS.dl icO -I-2HC1 

NHC.H5 NC,H5 

A reaction, which illustrates the greater stability of a five-atom 
compared with a six-atom ring, is the conversion of bis-diazoaoetic acid 
by treatment with strong caustic potash into a triazole derivative : 

N— N^ N-N 

COjH.C^ >).CO^H -*. II II 

JTTT "WXT CO2II • C C . CO2H 

N.NH, 
Tetrazole should be represented by two isomeric compounds. 

N-CH N— N 

I II II II 

N N HC N 

NH NH 

1.2. 2'. 8 Tetrazole. • 1 . 2 . 8 . 8' Tetrazole. 

As a matter of experience, only one (the first of the above) is 
known. It is, in short, a case similar to that of metfaylpyrazole 
(Part II, p. 828), or of the single ortho compound in the benzene 
series. 
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The tetrazoles are remarkably stable substances. Oxidation will 
destroy a side-chain, but leaves the tetrazole nucleus intact Moreover, 
tetrazoles are characterised by acidic properties, in which the 
hydrogen of the NH group is replaceable by metals. 

There are numerous methods by which the tetrazoles have been 
prepared, among which the following are included : 

Bladin, who prepared cyanamidrazone by the action of cyanogen 
on phenylhydrazine, obtained the first tetrazole compound by acting 
on the former with nitrous acid : 

(CN)C— NH2 (CN)C— N 

II o I II 

N N -^ N N 

\ I \y 

NH OH N 



Hydrolysis converts the cyanogen group into carboxyl, and oxida- 
tion has the same effect on the phenyl group. On splitting off 
carbon dioxide, tetrazole itself is formed as a solid, melting at 156^ 
Benzylidene amidine is converted by nitrous acid into the diazo- 
nitrosamine, which passes on reduction into 8-phenyl tetrazole: 

C^H^C— NHa CcHfi.C— N CeHsC-N 



I II __ ^ « )i 



NH N NOH N N 

NO NH 

Hydrazides behave like the amidines with nitrous acid : 



C,H,C-NH, 


C,H5.C-N 









1 




4 


ti N -^ 


N N 


+ 2HjO 


\ 1 


\/ 






NHj OH 


NTT 





Aminoguanidine, inasmuch as it resembles a hydrazide, undergoes 
a similar change, and gives aminotetrazole. 

The action of nitrous acid on the nitrate of the base gives a diazo- 
compound, which changes into the ring cpmpound.^ 

HNO3 . NHo . 0— NH HNO3 . NH2 . C N NH3 . 0— NH 

II I -> lU /\ -> II I 

NHNHo NHN=N N N 

\/ 

N 

I Thiele, Annalmy 1892, 270, 1 ; Hantzsch and Vogt, AnncOenj 1901, 314, 889. 
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In the same way phenylthiosemicarbazide may be used, and the 
sulphur subsequently removed by oiidation : 

HN— NH, N— N N— N 

I „ II II II II I 

SC HO— N -». HS.C N -♦ HO.C N 

\ V \/ 

NH.CeHj N.CjHg N.C,H, 

Hydrozytetrazole has been obtained by the action of sodium 
fulminate on azoimide.^ 




C N,==-,CH 

OH 



•I - J L 

N.OH ^V/ 

N 



Six membered rings containing nitrogen are dealt with under 
Alkaloids (this volume, Part III). 

Eeferences. 

Die heterocykliachen Verbindungen, by E. Wedekind. Yeit, Leipzig, 1901. 
The Organic Chemistry qf Nitrogen, by N. V. Sidgwick. Clarendon Press, Oxford, 
1910. 

III. UNION OF CARBON AND OXYGEN 

Carbon-Oxygen Chain Formation. Chain formation between 
carbon and oxygen, in which both atoms are saturated with hydrogen, 
is represented by the alcohols and ethers. In the latter only can 
the union be regarded as a stable one, and the stability is greatly 
diminished, as in the case of the carbon-nitrogen linkage, by replacing 
the hydrogen of the adjoining carbon by oxygen. The esters, and 
still more the anhydrides, thus formed, are easily hydrolysed. 

CH2— O— CHjj CO— 0— CHo CO— O— CO 

11 II 

Ether group Eater group Anhydride group 

(»table). (less stable). (least stable). 

Union between oxygen and oxygen is even less stable than between 
nitrogen atoms, as seen in the peroxides and ozonides (p. 119), which 
docompose with explosive force. As only peroxides of acid radicals 
are known, it is impossible to say whether those with hydrocarbon 
radicals would exhibit greater stability. 

Carbon-Ozygen Sing Formation. When we apply these prin- 
ciples to ring formation we find, as before, that they are not the 
only factors in determining the stability of the system, but that it is 

* Palazzo and Marogna, Chem. Soc. Aba., 1918, i. 300. 
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also largely influenced by the number of atoms composing the ring. 
Ethylene oxide is a low-boiling liquid, which was first obtained by 
removing hydrogen chloride by means of alkali from ethylene 
cblorhydrin; but it is extremely unstable, exhibiting in various 
ways a tendency to cleavage at the carbon-oxygen link, and to pass 
into an open-chain compound. The number of representatives 
of four-atom rings containing oxygen in the ring is very small. 
Trimethylene oxide has been prepared, and is a liquid boiling at 
50° ; but few of its derivatives are known. On the other hand, five- 
atom rings containing one atom of oxygen are comparatively stable, 
and comprise a very large number of compounds, termed furfurane 
derivatives. Though tetramethylene oxide, or tetrahydrofurfurane, 
has been prepared, the furfurane derivatives are for the most part 
unsaturated, furfurane, the parent substance, having the formula, 

HC— CH 



HC CH 

\/ 
O 

Furfurane. 

The scarcity of saturated ring compounds of this type would 
appear to indicate that they are not readily formed, and it is 
significant that among nitrogen ring compounds unsaturation has 
a distinct tendency in the direction of increasing the stability of 
the system. 

There are various ways in which furfurane compounds are obtained. 
The oldest method is to distil carbohydrates with dilute sulphuric 
acid, which produces furfuraldehyde. The same compound is ob- 
tained by distilling a pentose with hydrochloric acid (Part III, p. 18). 

iiao iiHC— CH /OHi HC— CH 

\ \ I I/::::::: ii II 

i HIHC C/HiOHCHO -► HC C.CHO 

■' \...:::i i \y 

OH O 

a 

Pentose. Furfuraldehyde. 

It is a colourless liquid with an empyreumatic smell, and boils at 
162°. It has all the characteristic properties of an aromatic aldehyde, 
yielding an acid, pyromucic acid, on oxidation, and an alcohol, 
furfuryl alcohol, on reduction. The former, on distillation with lime 
or baryta, yields furfurane. 
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HC— CH 

II II 
HC C.COOH 

O 

Fyromucio acid. 



HC— CH 

II II +C0, 
HC CH 

\/ 
O 

Furfurane. 



Pyromucic acid is also obtained, as its name implies, by distilling 
mucic acid (PartlH, p. 29). 

i HOiHC-CH /OH 



I I /■•; 

jHiOOCiHC C/H;OH 

\ ..-■-■.!' 

OiH 
Mnoie acid. 



.COOH 



HC— CH 

II II 
HC C . COOH 

Y 

Pyromucic acid. ' 



Certain 1 . 4 diketones, which can react in the enol form, also givo 
furfurane derivatiyes : 



Cxi2 — CHj 

I I 

R.CO CO.R 



CH CH 



HC— CH 



R.C 



A 



H HO 



C.R 

I 



R.C C.R 

o 



Thus, acetonylacetoacetic ester and diacetosuccinic ester give 
respectively the esters of pyrotritaric and carbopyrotritaric acids : 



HC C . COOR 



CM3 .0 G • CM3 
OH HO 

Acotonylaoetoaoetic ester. 



Rooc . a 

CH3 . c 

I 



C . COOR 

II 

C, CH3 



OH HO 



HC— C . COOR 

II II 
CHoC C • CHo 

\/ 
O 

Pyrotritaric ester. 

ROOC. C—C. COOR 

II II 
CHo .0 C . GHq 

O 

Carbopyrotritaric ester. 



Among the derivatives of tetrahydrofurfurane containing oxygen 
in place of carbon may be included the lactones of y-hydroxy acids 
and anhydrides of the succinic acid series, 



CARBON-OXYGEN RING FORMATION 



271 



HgC — CHj 



I I 
00 CHo 

o 

7-ButyroIactone. 



I12C — CM| 

I I 



00 CO 

o 

Saceinio anhydride. 

both of which are easily hydrolysed. 

A compound isomeric with succinic anhydride is the lactone of 
y-hydroxyacetoacetic acid or tetronic acid, which behaves in many 
ways like a 1 . 8 diketone. 

HjC— 00 

I I 
OC CH2 



Y 



Tetronio acid. 

As in the five-atom ring systems, the conmionest and most stable 
representatives of six-atom rings containing oxygen are unsaturated. 
Substances such as pentamethylene oxide, S-valerolactone, and glutaric 
anhydride are known, but the number is small, and they are readily 
converted into open-chain compounds. On the other hand, those 
derived from (x- and y-pyrone are numerous and comparatively stable. 
As they are frequently met with among natural products, they 
possess a special interest: 



CH 
HC/\CH 




CO 
HC/^CH 



!H 



HClJC 
O 

7-P7rone. 

A further source of interest lies in the fact that by the action of 
ammonia they readily exchange the oxygen of the ring for NH, and 
thus pass into pyridones or derivatives of pyridine. 



CH 

HC/^CH 



NH, 



CH 
HC/\CH 



00^ 

O 

a-Pyrone. 



CH 



od 



CO 
HCK^CH 



NH 

a-Pyridone. 



CH H 



NH, 



CO 

HC/\CH 



■V 

o 

7-Pyrone. 



)0H 



H 



CH 



NH 

7-Pyridone. 



Among the natural sources of the simpler pyrone compounds is 
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opium, which containB meconic acid, which on heating passes into 
comenio acid and pyromeconic acid : 



CO 
Hc/\c . OH 



COOH. 



CO 
HC/\C.0H 



CH 



CL JC . COOH COOH . CL > 

Heoonic acid. Comenic acid. 

CO 

HC/\3.0H 

HoljcH 
O 

Pyromeconic acid. 

Another natural source is the greater celandine {eMidonium mnjus), 
which contains an alkaloid combined with chelidonic acid orypyrone 
dicarboxylic acid. On heating, it loses carbon dioxide and forms 
comanic acid: 



CO 
HC/\3H 

COOH.ci Jc.COOH 

Chelidonic acid. 



CO 

HO^NCH 

HOxJc . COOH 
O 

Comanic acid. 



Chelidonic acid has been prepared synthetically by condensing 
acetone with oxalic ester by means of sodium methoxide. The 
alcoholic solution yields, on boiling, chelidonic ester: 



CHj 

I 
CO 

I 
CH, 



ROOC . COOR 



CHj . CO . COOR 

I 
CO 

I 



ROOC . COOR CHj . CO . COOR 

CH=C(OH) . COOR CH=C . COOR 

I I 
-• CO o 

I I 

!H=C(OH) . COOR CH=C . COOR 



CO 



i> 



Goumalinic acid was obtained by v. Pechmann by warming malic 
acid with strong sulphuric acid, which removes water and carbon 
monoxide. Condensation may be represented as taking place by the 
union of the unstable intermediate product, formylacetic acid or its 
tautomeric form. 
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CHOH . COOH 

I 
CH, 

I 
COOH 

Malioaeid. 



CH.OH HO. COOH 

II Jl 

CH CH 

I I 

OC.OH HO 

Formylacetio acid. 



CH 
HC^^C.COOH 

Ocl JoH 

O 

Coumalinic acid. 
a-Pyrone oarboxylic acid. 

Dimethylcoumalinio acid (isodehydracetic acid) is another pyrone 
deriTative, which is prepared by the action of sulphuric add on 
aeetoaoetic ester and in other ways; 

CH, 

I 
C.OH 

HC HC.COOR 

00. OR C.CH, 

/ 
HO 

Dehydracetic add was first obtained by Geuther from the residues 
firom the preparation and distillation of acetoacetic ester, and is 
formed by heating acetoacetic ester alone or with acetic anhydride. 
Its structure has been the subject of much discussion, and the 
following alternative formulae have been proposed by Feist and 
CoUie: 




CH,.CO.H 



'8 




CO 

HO'^NcH 



'C.CH 



8 



2 



CHj.CO.CHj.C, X50 

Feiat^s formula. Collie's formula. 

One of the most interesting of the pyrones is the dimethyl deriva- 
tive obtained by heating dehydracetic acid under pressure and then 
dehydrating over sulphuric add. It has also been prepared by the 
action of carbonyl chloride on the copper compound of acetoacetic 
ester and hydrolysis of the resulting ester : 

EOOC . CH HC . COOR ROOC . C CO C . COOR 

CH, . CO— Cu— OC . CHj CHg . C. 

+ COCla 

CO CO 

ROOC . c/\3 . COOR Hc/NjH 



CH,,C.OH HO.C.CH, 



CHj<X JC 



.CHj 




CHjCa. /C . CHft 



PT. I 
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It forms well-defined salts with mineral acids, the latter combining 
with the cyclic oxygen atom, which acts as a quadrivalent atom. 

Among the more complex of the pyrones are those in which the 
pyrone is fused with a benzene nucleus, in the form of benzo- and 
dibenzo-y-pyrone compounds, which may be regarded as the parent 

CO CO 

/V^CH 



CH 



\y\/ 

o o 

Benzopyrono Dibenzopyrone 

(coumarin). (xanthone). 

substances of a large and interesting variety of natural colouring 
matters belonging to the chrysin family, the structure of which has 
been determined in the majority of cases by synthesis. A study of 
these compounds is beyond the scope of the present chapter. 



Refebence. 

Die heterocyklieehm Verbindungtnj by E. Wedekind. Veit, Leipzig, 1901. 



CHAPTER IV 

DYNAMICS OP ORGANIC REACTIONS 

Of the various means which have been employed to obtain in- 
formation in regard to the mechanism of organic reactions, one of 
the most important is that afforded by a study of the velocity of 
change, and of the way in which this velocity is modified by 
variations in the conditions under which a given reaction occurs. 
In the early study of chemical dynamics, chief interest centred in 
the discovery of simple reactions, which, by reason of their freedom 
from any disturbing complications, might be made use of in testing 
the applicability of the law of mass action to account for the observed 
course of the change. Now, however, that the mass law, under 
given conditions with respect to temperature and the nature of the 
reaction medium, has been definitely established as the factor which 
determines the course of a given change, the main object of a dynamical 
investigation lies in the information which it affords in regard to the 
mechanism by which the final products of a reaction are produced 
from the original substances. 

LAW OP MASS ACTION 

SistoricaL That chemical change is not entirely determined by 
the operation of specific chemical afi^ties appears to have first been 
recognized by Wenzel ^ (1777), who, from his observations on the rate 
of solution of metals in acids, arrived at the conclusion that the rate of 
chemical action is proportional to the concentration of the substances 
entering into the reaction. A similar view was put forward by Ber- 
iholleimhiBEssai de StatiqueChimigue(lSOS). The^act that Berthollet's 
views, supported as they were by experimental evidence of aconvincing 
kind, had but little influence on the trend of chemical theory at this 
period was doubtless due in large measure to the erroneous conclusion 
which he drew in regard to the influence of mass on the composition 
of chemical compounds. The proof that such composition is quite 
independent of the quantities of the reacting substances tended to 

^ Lehr$ von der chemischen VwtBomdUchaft der K6rper, 1777. 

t2 
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bring the whole doctrine of mass action into disrepute, and for many 
years no further progress was made in the direction indicated by 
Berthollet's researches. 

In the fifties Rose ^ and Malaguti ' called attention to phenomena 
which undoubtedly indicated the important part played by the 
quantities of the reacting substances in chemical change, but no 
generalization of any importance was drawn by these observers. 
About the same time, Wilhelmy ' studied the inversion of sucrose 
under the influence of acids, and arrived at the conclusion that the 
rate of transformation of the sucrose is at every moment proportional 
to its concentration. The agreement of the experimental data with 
the values, calculated from the equation which Wilhelmy deduced on 
the basis of the above proportionality, represents the first definite 
proof of the operation of mass in a chemical reaction according to 
a quantitative law (Part III, chap. 96). 

Somewhat later, Berthelot and St. Gilles,* in a detailed study of 
the formation and decomposition of the esters, showed that the 
relative masses of the various substances involved determined the 
direction of the change. Whether change occurs in accordance with 
the upper or lower arrows in the formula 

C^HfiOH + CH3 . CO2H -:^ CHj . CO2C2H5 + H2O 

depends, at a given temperature, on the relative quantities of the 
four substances concerned. 

The part played by quantity or the mode of operation of mass 
in chemical change was first enunciated, however, in the form of 
a generalized statement by Guldberg and Waage^ in 1867. If 
A and B represent two substances which are decomposed into A' 
and B^j and it is assumed that under the same conditions A' and B^ 
can react to form A and B^ then, under the influence of the chemical 
affinities and the active masses of the reacting substances, a state of 
equilibrium will be reached which can be represented in the follow- 
ing manner. If the active masses of Aj B, A' and B^ be denoted by 
Pi^^ p' ^^^ 4 respectively, and the affinity coefficients of the i*eactions 
J. + ^—^J.' + 5'and J.' + J?'—^ J.+J? are represented by A; and Jl', 
then in the condition of equilibrium Izj^q = Vp^q[ or hjV — p'^/pg, = 
constant. From experiments in which barium sulphate was treated 
with difierently concentrated solutions of potassium carbonate, or 

I Ann, Fhysik, 1855, 94, 481 ; 1855, 05, 96, 284, 426. 

< Ann, Chim. Pkya,, 1857 (8), 61, 828. 

s Ann, Phyrik, 1850, 81, 418 ; Ostwald's KUusikeTf No. 29. 

« Ann, Chim, Phys,, 1862 (8), 65, 885 ; 1862 (8), 66, 5; 1868 (8), 68, 225. 

* Ostwald's KlaenkeTf No. 104. 



HISTOEICAL 277 

with solutions containing both potassium carbonate and sulphate, it 
was shown that the equilibrium condition in the reversible change 
BaS04 + KgCO;. ;^ BaCOg 4 KgSO^ is in agreement with the require- 
ments of this theory. In the equilibrium state, the opposing reactions 
are exactly balanced, and the velocities of two opposed reactions are 
accordingly measured by Jgpq and Js^p^q" respectively. In other words, 
the rate of progress of a change in which several substances react 
together is determined by a specific constant and by the product of 
the active masses of the reacting substances. 

In the further development of this idea, a certain amount of con- 
fusion arose in connection with the question whether the mass effect 
is solely dependent on the number of the reacting substances or on the 
number of the molecules of those substances which are involved in 
the actual molecular interchange. Kinetic considerations indicate 
that the latter view is the correct one, and thermodynamical reason- 
ing leads to the same result 

nnimolecnlar Von-reTersible Beactions. From the molecular 
kinetic standpoint, the simplest chemical changes are those in which 
the product or products of a reaction are directly formed as a result of 
the transformation of the individual molecules of the original sub- 
stance. Such changes, which are not dependent on the interaction 
of two or more molecules, are solely determined by the law of 
probability. It is obvious that reactions which belong to this class 
are necessarily limited to certain types. Amongst them we find 
changes in which complex molecules are decomposed into simpler 
molecules and those in which intramolecular rearrangements are 
involved. Although no reaction may be said to be absolutely irre- 
versible, those which belong to this group are characterized by the 
absence of any appreciable tendency on the part of the product or 
products of the reaction to react with the formation of the original 
substance. 

From the fact that a unimolecular change is not dependent on the 
interaction of two or more molecules, and therefore of the approach 
of such molecules within the range of intermolecular influence, it is 
evident that the speed of a unimolecular change is entirely in- 
dependent of the spacial distribution of the molecules, that is to say, 
of the volume occupied by a given quantity of the substance. Close 
packing of the molecules, which, in all cases where intermolecular 
actions are concerned, is conducive to increased speed of reaction, 
has no influence on the velocity of a unimolecular change. 

If a represents the original quantity of a substance per unit of 
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volume, (a—x) the quantity present after time t, then at this moment 
the velocity of the unimolecular change is given by 

dx/dt = k,{a-x) (1) 

which yields on integration 

Throughout the course of the reaction, the expression on the right 
side of the equation (2) must remain constant, and hi , which is the 
so-called velocity coefficient, is solely determined by the specific 
character of the reaction, provided that the temperature and the 
nature of the medium, in which the change occurs, are prescribed. 

From equation (1) it is evident that the velocity coefficient re- 
presents the quantity of the original substance which would be 
transfoi'med in unit time, if throughout this period of time the con- 
centration were maintained constant and equal to unity. 

If the integrated form of the equation is considered, it is further 
obvious that the time required for the transformation of a given 
fraction (1/n) of the original substance is independent of the initial 
concentration, for a/{a - a?) = w/(n - 1), and equation (1) may there- 
fore be written in the form 

1 n 



hi n-1 

It is also clear that the value of the velocity coefficient of the uni- 
molecular changQ is not in any way influenced by the particular unit 
in terms of which the concentration is expressed. 

Velocity of Zntramoleoular Rearrangement in Kalogen 
Acetanilides. This intramolecular change affords an example of 
a unimolecular non-reversible reaction. In presence of hydrogen 
chloride, acetylchloroanilide, for example, is gradually transformed 
into ^-chloroacetanilide in accordance with the formula (Part U 
p. 871)1 

CH CCl 

HO^^H HC/'NCH 



H 



C.N< C.N< 

XJO.CH, XJO.CH. 



The rate of progress of the change can be readily followed by 
removing samples and adding them to excess of a potassium iodide 

1 J. J. Blanksma, £Uc Trao, Chim, dn Pays-Bos, 1902, 21, 866 ; 1903, 22, 290. 
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solution and titration of the liberated iodine. This iodine corresponds 
with the undecomposed aoetylchloroanilide present, for the j)-chloro- 
acetanilide is without action on the iodide. The following data were 
obtained in 20 % acetic acid solution at 25^ 

t {hours) a—x (in e.c qf standard k 

Na,S,0, solution) 

49.8 — 

1 856 0.189 

2 2575 0.140 
8 18-5 0.140 
4 18.8 0.188 
6 7.8 0.188 
8 4.8 0.139 

As the numbers in the third column indicate, the progress of the 
reaction can be satisfactorily accounted for on the assumption that 
the reaction is unimolecular, or of the first order.^ 

Polymoleeiilar Von-rerversible Seaotions. In contrast with 
changes of the first order, the speed of a reaction, which involves the 
interaction of two or more molecules, increases as the volume con- 
taining a given quantity of the original substance or substances 
decreases. Such diminution in volume is accompanied by an increase 
in the frequency with which the molecules enter into collision or 
come within the range at which interaction between the several 
molecules becomes possible. This concentration effect, which be- 
comes more pronounced as the order of the reaction increases, finds 
adequate expression in the equation which is obtained when the law 
of mass action is applied to a reaction of the second or higher order. 

In the many reactions which belong to this group, the molecules 
actually involved in the change may be all identical, or in part so, or 
they may all be different So far as the dynamical course of the 
reaction is concerned, the nature of the reacting molecules is, how- 
ever, of no importance^ the progress of the change during successive 
time intervals being solely determined by the number of the mole- 
cules involved in the actual process of molecular interchange. 

Bimoleeiilar Beactioiis. Changes belonging to the polymolecular 
non-reversible group are of the most varied nature, and include poly- 
merisation phenomena, synthetic reactions, double decompositions, 
isomeric changes, &c As a first example, we may consider the 
saponification of esters by the alkali hydroxides. In the case of 

^ In view of the observations of Orton it would appear that the intramolecular 
change of the chloroamine inTolTes two stages and is therefore a composite re- 
aetion; cf. Orton and Kin^, Trans. Chem. Soc, 1911, 88, 1869 ; also Orton and 
Jones, Trans, Chem, Soc., 1909, 86, 1466. 
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a simple ester (that is, the ester of a monobasic acid) the reaction 
is bimolecular, two molecules being involyed, as indicated by the 
ordinary chemical equation 

CH3 . COaCaHg + NaOH = CH3 . COaNa + C2H5OH 

The saponification proceeds at a rate which can be conveniently 
measured at temperatures between 0° and 25^ if dilute solutions are 
employed. If the original solution contains a grm.-mols. (mols) of 
ester and h mols of hydroxide per unit volume, and if x mols of ester 
have been saponified after time ty the concentrations of the reacting 
substances at this moment will he a — x and b — x respectively. 
According to the mass law, the speed of the change will be given by 

dx/dt = kg{a-x){b-x) 

and this on integration becomes 

'^'(a-b)t *"• a(b-xy 

In the following table are given the data obtained by Beicher ^ for 
the saponification of ethyl acetate at 15*8°, the alkali being present 
in excess {b>a) in the one experiment, whilst the ester predominated 
in the second (a>(). The quantities of saponified ester (x) are ex- 
pressed in terms of the standard acid solution which was used in 
following the progress of the change. 



Excess ofaOudi hydroxide. 


Excess qf ester. 




t (minittes) 


X 


k. 


t (tninutes) 


X 


*« 
















— 


8.74 


776 


847 


2.57 


8.28 


845 


6.29 


11.49 


848 


503 


18.G9 


846 


10.48 


15.81 


848 


7.85 


17.97 


8.45 


18.60 


18.22 


8.44 


9.67 


20.98 


841 


00 


29.03 


_— 


00 


21.12 


—. 



If the reacting substances are present in equivalent proportions 
(a = &), the rate of change at time t is given by 

dx/dt = ki(a-xy 
from which i ^ 

^ ~ t a(a-x)' 

That this is in agreement with the actual course of saponification 
under these conditions is shown by the following data for an experi- 
ment at 24*7^ with a solution in which the concentrations of both ester 
and alkali hydroxide were 0*025 mol per litre.* 

1 Anndlen, 1885, 228, 257 ; 1886, 282, 108 ; 1887, 238, 276. 

2 Arrhenius, ZeU.phys. Chem,, 1887, 1, 110. 



a—x (in cc. <if standard 


*« 


acid) 




8.04 


— 


6.80 


0.0159 


4.58 


0.0157 


8.91 


00164 


851 


0.0160 


812 


0.0168 


2.74 


00160 


2.22 


0.0168 
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t {minutes) 



4 

6 

8 
10 
12 
15 
20 

Saponification experiments with different bases have shown that 
the reaction only proceeds in accordance with the above equations in 
the case of the strong bases, that is to say, those which are almost 
completely ionised in dDute solution. With weak bases the rate of 
saponification falls off very much more quickly than would be antici- 
pated on the assumption that the velocity is at every moment pro- 
portional to the product of the concentrations of the ester and the 
base. If, however, we assume that the active mass of the base is 
represented by that portion which is ionised, in other words, that 
saponification is due to the hydroxyl ion, the differences in the 
behaviour of strong and weak bases can be accounted for quite 
readily. From these observations it is necessary to conclude that 
the saponification of an ester should be represented by the equation 

CH3 . COaCaHft + OH' = CH3 . CO/ + C^UfiK 

Termoleenlar Von-rerersible Beaetioiis. According to Noyes 
and Cottle,^ the reduction of silver acetate by sodium formate in 
dQute aqueous solution affords an instance of an organic reaction in 
which three molecules are involved in the intermolecular transaction 
which gives rise to the products of the change. The order of the 
reaction is therefore in agreement with what would be anticipated on 
the basis of the ordinary chemical equation, 

HCOgNa + 2CH3 . COjAg -= 2Ag + GU jOO^^h + CH3CO2H + COg 
or, HCO/ + 2Ag" = H' + COj + 2Ag 

In the investigation of the progress of this reduction process, ex- 
periments were made at 100°, samples of the reaction mixture being 
forced over from the steam-jacketed tube into an ice-cold solution of 
potassium thiocyanate. By this means the reaction was brought to 
a standstill and the unchanged silver salt reacted with an equivalent 
quantity of the thiocyanate. 

Denoting the initial equivalent concentrations of the formate and 
acetate by a and &, then, if the reaction is of the third oi-der^ the rate of 

1 ZeiL physik, Chem,, 1898, 27, 579. 
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change when the original concentration has diminished by x will be 

given by 

dx/dt == ft3(a-a;)(d-«)(6-a;), 

and this can be integrated and the termolecular velocity coefficient 
^3 evaluated in terms of a, 6, x^ and t. 

The following data were obtained in an experiment in which the 
initial a and h values were each equal to 0-05. For comparative pur- 
poses the values of the bimolecular velocity coefficient Ic^ are also 
given in the fourth column : 



t {minuUa) 


X 


*. 


*2 










— 


8 


000967 


85.8 


160 


8 


001841 


37.6 


146 


16 


0.02532 


88.8 


1.28 


25 


0-02952 


' 87.6 


1.16 


45 


003871 


87.4 


0.92 


80 


0.08950 


87.5 


0.75 



Comparison of the numbers under k^ and ^^2 shows that the former 
series is practically constant, whereas those of the latter series fall 
continuously as the reaction proceeds. In other experiments with 
different initial concentrations, the new values obtained for the 
termolecular velocity coefficient are approximately the same as in 
the example given above, and from this the authors conclude that 
the reaction in question is really termolecular. 

The number of such termolecular reactions is very limited, but 
a further example has been found by van 't Hoff in the polymerisation 
of cyanic acid, the mechanism of which is therefore in accordance 
with the equation ordinarily employed to represent the polymerisa- 
tion process, namely, 

3HCN0 = (HCN0)3 

In general, reactions of a higher order are quite exceptionaL In the 
bromination of benzene, in presence of iodine as catalyst^ Bruner 
claims to have found an example of a quadrimolecular reaction, and, 
if his conclusion is accepted, this reaction probably represents, from 
the point of view of the intermolecular transaction which is involved, 
the most complicated instance of a non-reversible organic change 
which has been dynamically investigated up to the present. 

Determination of the Order of a Reaction. Since the ex- 
pressions for the velocity coefficients of reactions of the first, second, 
third, &c., order are quite different in form, it is evident that dyna- 
mical data may be utilised in drawing conclusions relating to the 
mechanism of any given change. In the following discussion of the 
methods which may be employed in such investigations, it will be 
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assumed that the reactions in question are of the non-reversible t]^ 
and that the final products are directly formed from the initial 
reacting substances. 

Velocity Coei&cient Method. The most obvious method of pro- 
cedure consists in the utilization of the dynamical data to calculate 
the uni-y bi-, ter-, and quadri-molecular velocity coefScients. Accord- 
ing to whether ki^ h^y ^Zf or k^ remains constant, the conclusion 
might be drawn that the reaction is of the first, second, third, or 
fourth order. Although the application of this method has led to 
results which, in a large number of cases, leave no room for doubt 
as to their validity, experience has shown that erroneous deductions 
may not infreqilently be made from the observed constancy of one or 
other of the expressions for the velocity coefficients. If, as the 
reaction proceeds, disturbances arise in consequence of the action of 
one of the final products on one or other of the original substances, 
it is evident that the data representing the progress of the reaction 
may indicate the constancy of a velocity coefficient which does not 
correspond with the real order of the reaction. On this account, 
measurements relating to the initial stages of the reaction will in 
general furnish a more satisfactory basis for the deduction of the 
order of the change. 

Initial Velocity Method. This method, first employed by 
van 't Hoff,^ involves the determination of the speed in the early 
stages of the reaction and of its dependence on the concentration of 
the original substance or substances. If the reacting substances are 
present in equivalent proportions, the average speed v^ during the 
initial stage of the reaction will be given by 

where Ci is the average concentration of the reacting substances 
during the time interval Af| and n is the order of the reaction. If 
C, is the average concentration during a similar time interval A^, ^^ 
a second experiment, then 

.,= -|| = ^C,n (2) 

Prom (1) and (2) G n 

or ^ logv,-logt72 



log Ci - log Cg 

» studies in Chemical DvnamieSy by J. H. van 't Hoff, trans, by T. Ewan. Williams 
& Noigato (1896> 



^ I 
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In carrying out experiments to determine n in this way, the con- 
centrations Ci and C2 should not be too nearly equal, and the time 
intervals should be chosen so as to allow of the accurate estimation 
of the average speed during this period. The magnitude of the 
initial period wDl be determined by the accuracy with which the 
progress of the reaction can be followed, but as a general rule it will 
be convenient to choose the time intervals in such a way that 
from 10-20 per cent, of the reacting substances have disappeared. In 
practice, this method is particularly useful in cases where the final 
products give rise to disturbing secondary reactions, for such products 
will obviously have least influence when the quantities formed are 
relatively small. 

Method of Eqnifiractional Farts. This method, which was 
first suggested by Ostwald,^ consists in comparing the times which 
are required for the decomposition of the same fractional amount of 
the reacting substances, when the initial concentration is varied. If 
we compare the influence of the concentration on the time required 
for the disappearance of a definite fraction (1/n) of the original reaction 
mixture, by reference to the expressions for the velocity coefficients 
of reactions of the first, second, and third order with equivalent con- 
centrations of the reacting substances, it is seen that this influence 
is quite different in the several cases : 

Unimolecular reaction, t = r ^^ r > that is, ^ is independent 

of a. 

Bimolecular reaction, t = - —. r-r , that is, t varies inversely 

h2a(a-'a/ny ^ ^ 

as a. 

mil i." ^ 1 a/n{2a-a/n) . , . . ^ . . 

Termolecular reaction, t = - -rr-r? 7-^ » that is, t vanes m- 

A;3 2a*(a-a/n)* ^ 

versely as aK 

From the above relationships it is evident that experiments, in 
which the concentration of the reaction mixture is varied, afford 
a simple means of determining the mechanism of the irreversible 
change. Disturbances from side reactions (see later) are to a large 
extent eliminated by this method of procedure, and only influence 
the result obtained, in so far as the relative importance of the side- 
reactions varies with the concentration of the reacting substances. 
By comparison of the time intervals required for the disappearance 
of successive equi&actional amounts of the original substances in 
parallel experiments with different initial concentrations, an estimate 

^ ZeiU physik. Chem,, 1888, 2, 127. 
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may be formed of the extent to which the principal reaction is 
disturbed by subsidiary reactions in its different stages. 

Isolation Method. As its name implies, this method consists in 
arranging the conditions of the dynamic experiments so that one of 
the reacting substances is isolated from the rest in so far as its 
influence on the course of the reaction is concerned. This can be 
effected quite readily, for the condition of isolation is attained if the 
concentrations of the reacting substances are so arranged that the 
active masses of all but one remain sensibly constant during the 
whole process. 

If A and B react in accordance with the equation 

and B is present in relatively large amount, then according to the 

law of mass action 

dC 

but since Cb is practically constant, the rate of change may be written 

dC 

and according to this equation the course of the reaction will be 
determined by the number (m) of molecules of the isolated substance 
A which are involved in the actual process of molecular interchange, 
although m + n molecules are in reality involved. In a similar manner, 
the value of n may be determined in a separate series of experiments 
in which the substance B is isolated. In the case of more complicated 
reactions, this method is of great utility, and has been frequently 
applied in the systematic investigation of organic reactions. 

By application of one or more of the above methods, it is possible 
to obtain information in regard to the part played by each of the 
several substances which take part in a chemical change. Although 
in the discussion of these methods it has been presumed that the 
reactions are simple and irreversible, the application is by no means 
limited to reactions of this type. Under suitable conditions the 
methods may also be applied to the more complex changes in which 
simultaneous or consecutive reactions are involved. 

In the following pages examples will be given of reactions which 
have been investigated in this manner. 

Stereo-ohemioal Changes. In view of the simple character of 
the isomeric transformation, the dynamical course of stereo-chemical 
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changes is of particular interest. The inyestigation of the rate of 
conversion of syn-aldoxime acetates into the corresponding anti- 
forms by Ley,^ has shown that the reaction proceeds in accordance 
with the unimolecular equation. 

The change occurs in absolute alcoholic solution in presence of 
hydrogen chloride as catalyst, and can be followed by the addition 
of removed samples of the solution to an ice-cold aqueous solution of 
sodium acetate, the mixture being then heated for some time at 80^, 
when the unchanged syn-aldoxime acetate is converted into the corre- 
sponding nitrite with the liberation of acetic acid, which is titrated 
with standard alkali. The following data were obtained in an 
experiment with anis-syn-aldoxime acetate at 25^ in presence of O-Ol 
normal HCl as catalyst. 







1 , a 


inutes) 


a—x 


t a — x 





0.0100 


— . 


10 


0.00654 


00256 


20 


000818 


0.0248 


80 


0.00199 


0.0289 


40 


000118 


0.0255 



In regard to the catalytic action of the acid, it may be supposed 
that an intermediate additive compound is formed, and that this 
undergoes stereo-isomeric change, the acid being subsequently 
liberated from the isomeric form as represented by the formula 

R.C*£[ R . C . £[ R.C.U 

• II +HC1-.. II -^ II 

N.COjCHa CI.N.CO2CH3 CHa.COj.N.Cl 

I 
H 

R.C.H 



I 
CH3 . CO2 . N 



+ HC1 



In this connection, reference may be made to the remarks on 
catalytic reactions on p. 826. 

Conversion of IKazoamino- into Aminoaso-eompoimds. The 

transformation of diazoaminobenzene into aminoazobenzene, which 
takes place when aniline hydrochloride or other aniline salt is added 
to an aniline solution of the diazoamino-compound, affords a further 
instance of an intramolecular change which has been investigated 
dynamically. The speed can be measured conveniently at 25^-60^, 
' samples of the reaction mixture being run into caustic soda solution 
in order to stop the reaction, and the unchanged diazoamino-compound 

1 ZeU, ph^fsik. Chgm., 1895, 18, 876. 



CONVERSION OF DIAZOAMINOCOMPOUNDS 287 

estimated by boiling with dilute acid and collecting the nitrogen 
which is liberated by its decomposition. 

The experimental data obtained by Ooldschmidt and Beinders^ 
show that the reaction progresses in accordance with the equation 
for a unimolecular change. For a given concentration of the diazo- 
amino-compoundy the velocity coefficient is proportional to the 
concentration of the aniline hydrochloride. On the other hand, 
when the concentration of the aniline salt is fixed, experiments 
with different concentrations of the diazoamino-compound lead to 
practically the same value of the velocity coefficient. 

These observations indicate that the aniline hydrochloride plays the 
part of a catalyst in the transformation of the diazoamino-compound. 

When other aniline salts, e.g. the tnchloracetate and dichlor- 
acetate, are substituted for the hydrochloride, the nature of the 
reaction is unchanged, but the velocity coefficients show appreciable 
differences. 

For solutions containing 0*5 mol diazoaminobenzene and 0-1 mol 
aniline salt per litre, the velocity coefficients at 25^ were found to 
be 0-0060, 000437, and 0-00205 for the chloride, trichloracetate,^ 
and dichloracetate respectively.' Since the speed of the reaction 
diminishes with the strength of the acid, it is supposed that the 
catalytically active components are not really the aniline salts, but 
the free acids which result from their dissociation. 

Apropos of this reaction, reference may be made to the fact that 
aminoazobenzene is formed when diazoaminobenzenetoluene is 
dissolved in aniline in presence of an aniline salt Dynamic 
measurements show that the speed of this reaction is identical with 
that observed in the transformation of diazoaminobenzene, and it 
therefore seems probable that the diazoaminobenzenetoluene is 
primarily transformed into diazoaminobenzene in accordance with 
the equation 

CeH,N : N . NHCeH^ . CH3 + CeHgNHg = CeH^ . N : N . NHCeH^ 

+ CI13 • GgM^ • NHj 

Sydrolysis of Sucrose aad Esters. As already mentioned, the 
study of the inversion of aqueous solutions of sucrose in presence of 
acids afforded the first proof that reaction velocity is at every 
moment proportional to the concentration of the decomposing 
substance. In accordance with the equation 

C12H22O1X + H20—*CjHj20g + CeHi20e, 

the reaction is bimolecular and its rate of progress is found to be in 

i £er., 1896, 28, 1869. > Ber., 1896, 29, 1899. 
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agreement with the dynamic equation for a bimolecuhur change. Since 
in sucrose solutions, which are not too concentrated, the water is 
present in considerable excess, its active mass remains practically 
constant, and it is therefore not surprising to find that the Yalues 
obtained for the unimolecular velocity coefficient Jci exhibit much 
the same degree of constancy as the values of the bimolecular co- 
efficient Jt^ (Part III, p. 96). 

If a and h are the concentrations of the sucrose and water 

respectively, then k^ = . ^r. In A L and since a; is at all times 

'^ "^ ^ (a-b)t b(a-x) 

very small in comparison with b, the equation may obviously be 
written in the same form as the equation for a true unimolecular 

change, viz. i ^^ 

,hi^ I In 

* t a-x 

The speed of the sucrose inversion may be readily followed by 
observations of the rotation of a beam of plane polarised light, and 
if a^, o^ and - a^ denote the rotations at the commencement, after 
time t and when the rotation has reached its final value, it is obvious 
that a0 + «„ affords a measure of a, and a^ + «„ a similar measure of a— n: 

The following table contains the data for the inversion of a 
20 per cent, solution of sucrose at 25*' under the influence of 0-5 
normal lactic acid. Por this solution the values of a and b may be 
taken as 0-628 and 45*3 respectively. The observed rotations after 
measured time intervals are shown in the second column ; the 
numbers in the third and fourth give the values of a- a; and (-«, 
and columns 5 and 6 show that the uni- and bi-molecular velocity 
coefficients remain satisfactorily constant. The inversion of cane 
sugar by an acid in aqueous solution affords therefore an instance 
of a bimolecular change, the course of which is represented quite 



t CmimUies) 


a 


a— X 


h-x 


Jfci.lO* 


k^.W 





+ 84-50* 


0-628 


46-8 


— 


— 


14S6 


8M0* 


0.681 


46-8 


0286 


0-626 


4816 


26.00* 


0-496 


46.2 


0-236 


0.626 


7070 


20.16* 


0.429 


46-1 


0.234 


0-617 


11S60 


18.98* 


0-848 


46-0 


0-281 


0.611 


14170 


1061* 


0.297 


46-0 


0-280 


0.609 


16940 


757* 


0.264 


44-9 


0.282 


0.614 


19820 


6.08* 


0-220 


44.9 


0-229 


0.610 


29980 


-14V5* 


a]26 


44.8 


0-288 


0.618 


00 


-10.77* 





44-7 


_ 


— 



* Although the inversion of sucrose and similar changes are often quoted aa 
examples of reactions of the first order, it seems to the author that this is 
a misnomer, for the apparent unimolecular character of these changes is entirely 
determined by the piui;ieular concentration relationships gl^tailiing under tha 
usual conditions in which the reactions are carried out^ 
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The polarimetric method employed in following the progress of 
sucrose hydrolysis affords an example of the application of physical 
methods in determining the quantities of substances in solution. 
Although such methods may in certain cases afford accurate results, 
it seems likely that the accuracy att-ainable in the polarimetric method 
of determining the speed of the inversion of sucrose has been exag- 
gerated. Not only has the hydrolysing acid an influence on the 
rotatory powers of the different sugars involved in the chemical 
change, but the fact that glucose and laevulose undergo muta- 
rotation will also have an influence on the observed rotation. 
Under these circumstances it seems improbable that the polarimetric 
data afford a measure of the rate of change, which is as reliable as 
that attainable in the case where chemical methods of estimation 
are employed. 

It has been supposed that the hydrolysis of sucrose by dilute 
acids deviates from the requirements of the mass law as expressed 
by the uni- or bi-molecular equation and that in the early stages of 
the reaction the velocity is practically constant.' This linear period 
is undoubtedly characteristic of the hydrolytic change when brought 
about by small quantities of enzymes. Recent experiments ' indicate, 
however, that the analogy between acid and enzyme hydrolysis, 
which would be indicated by such a parallelism, has no foundation 
in fsict, and that, within the limits of experimental error, the rate of 
sucrose hydrolysis, both under the influence of very dilute and more 
concentrated acids, is at all stages determined by the concentration 
of non-hydrolysed substances. 

The process of ester hydrolysis in dilute aqueous solution under 
the catalytic influence of acids is in many respects similar to sugar 
inversion from the dynamic point of view. Although it has been 
shown recently ' that the hydrolysis of methyl acetate in presence of 
hydrochloric acid does not proceed to completion, but that an equili- 
brium condition is reached when about 95 per cent, of the ester has 
been hydrolysed, yet for practical purposes the reaction may be 
regarded as non-reversible. The data representing the progress of 
the change are found to give a satisfactorily constant value for the 
unimolecular velocity coefficient, a circumstance which is due to the 
relatively large active mass of the water, for, in reality, the process 
of ester hydrolysis is a bimolecular change. 

1 Armstrong and Caldwell, Proc Roy, Soc, 1904, A, 74, 195. 
* Worley, Proc Roy. 8oe^ 1912, A, 87, 655; cf. also Boaanoff, Clark, and Sibley, 
Joum, Amer. Chan, Soc, 1911, 33, 1911. 
"» Worley, Pnc. Roy. 5oe., 1912, A 87, 6SSL 
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Both the above reactions have been largely used as a means of 
measuring the relative affinities of acids, for in dilute acid solutions 
the speed of both is very nearly proportional to the hydrogen ion 
concentration. The relative affinity values, obtained in this way, are 
parallel with the affinity coefficients obtained by electrical conduc- 
tivity measurements, and, on this account, the two reactions have 
played an important part in connection with the development of the 
hydrogen ion theory of acids, 

Ssterification in Alooholie Bolntion. In many respects this 
reaction resembles the two which have just been discussed, for 
according to the equation 

CHj . CO2H + CaH^OH -♦ CH3 . COgCgH^ + H ^O, 

we have to deal with a bimolecular change, which, in consequence of 
the large excess of alcohol, may be expected to take place in accordance 
with the unimolecular formula. In presence of an acid catalyst this 
is actually the case, as may be seen from the data in the following 
table for the esterification of acetic acid in presence of hydrochloric 
acid.^ In the parallel experiment are given the data obtained in 
the esteriiication of phenyl acetic acid in presence of picric acid as 
catalyst.' 

Acetic add 0-1 mol, HCl 0«025 mci per Utre. PhenylaceHc acid 0-2372 mot per Uirt. 

Tenq)eraiure 14«6°. Temperature 26**. 

t (hours) a -x{in cc alkalt) ki t (^houra) a — x^ine.c.aikali) k^ 

eo.4 — 11^ — 

1 65.1 0.0399 2.8 10.78 00187 

2 60.8 00897 16-8 6-87 0-0166 
8 46.9 00897 21.9 689 0.0166 
4 41.9 0.0397 42.1 270 00162 
6 88.2 0.0898 650 LSI 0-0147 
6 84.9 0.0897 

Although the numbers under ki are quite constant in the acetic 
acid experiment, there is a marked diminution in the successive values 
of Jci in the case of the phenylacetic acid. The difference is no 
doubt connected with the fact that small quantities of water, when 
added to water-free alcohol, reduce the velocity of esterification to 
a very large extent.' Since water is formed by the esterification 
of the acid, it may be expected that this will have a retarding 
influence on the progress of the change if the alcohol employed as 
solvent is nearly anhydrous. If, on the other hand, water is present 
in the alcohol in larger proportion, that which is formed during the 

1 S.idborough and Lloyd, Trans. Chem, Soe, , 1899, 75, 467. 

* Goldsohmidt and Wachs, Ber.^ 1896, 29, 2208. 

• Goldachinidt. Ber., 1896. 28, 8218 ; 1896, 29, 2208. Goldsebmidt and Sandfly 
Ber.f :906, 89, 7li. Goldschmidt and Udby, Zeit, physik. Ckem^ 1907, 60, 788. 
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reaction will have comparatiyely little influence on the progress of 
the reaction* It seems probable, therefore, that the difference between 
the two results is due to the difference in water content of the alcohol 
used in the esterification, a satisfactory constant being obtained only 
when the alcohol is not too * dry '. 

The retarding influence of water on the esterification process is by 
no means characteristic of this reaction, for the velocities of many 
other acid-catalysed reactions are also depressed to a very large 
extent on the addition of very small quantities of water.^ It is 
probable that the phenomenon is due to a change in the catalyst, 
the acid being very much more active in alcoholic solution than it 
is in aqueous solution. Since dilute aqueous and alcoholic solutions 
of the mineral acids are both ionised to about the same extent, 
according to conductivity measurements, it follows that the ordinary 
acid ions which are responsible for the transport of the electric 
current through the solutions cannot be regarded as the agents 
responsible for the catalytic activity. Various considerations indi- 
cate that the electrolytic hydrogen ions, present in aqueous solutions 
of acids, are hydrated, and it is therefore possible that the catalyti- 
cally active ions are the simple unhydrated hydrogen ions. In the 
aqueous solution of a mineral acid, the proportion of such simple 
ions must be much smaller than in a corresponding alcoholic solution, 
the difference in concentration being determined by the difference in 
the afEmity of the simple hydrogen ions for water on the one hand, 
as compared with their affinity for alcohol on the other.' 

In the absence of a catalysing acid, the esterification of an acid in 
alcoholic solution proceeds otherwise. Whereas the experimental 
data yield decreasing values for the unimolecular velocity coefficient, 
fairly constant numbers are obtaiuiBd when the bimolecular coefficient 
is calculated. According to Goldschmidt, this is a consequence of 
auto-catalysis,* the speed of the reaction being determined by the 
concentration of the acid and also by that of the hydrogen ions to 
which it gives rise by its electrolytic dissociation. If, at a given 
moment, the concentration of the non-esterified acid is a - a;, and m 
is the degi-ee of ionisation, then m{a — x) is the hydrogen ion concen- 

1 Cf. Lapworthand Fitzgerald, Trana. Chem. Soc., 1908, 93, 2168; Lapworth, 
ibid., 2187 ; Lapworth and Partington, ibid., 1910, 97, 19 ; Dawson, Trans. Chem. 
Soc, 1911, 09, 1 ; Bredig and Fraenkel, Ber., 1906, 89, 1756 ; Tubandt and Mohr, 
Annalen, 1907, 864, 269. 

* Cf. Lapworth, loc. ciL ; Dawson, loc dU 

• Ber., 1896, 29, 2208. In a later paper, Zeitf. EUktrochemU, 1909, 16, 4, Gold- 
Schmidt adopts the view that this reaction is of a secondary ohamoter, the 
primary reaction being due to the presence of very reactive double or complex 
molecules. 

u 2 
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tration, and dxIdi^Jt^ipk-T^, Aiwnming that m does not Taiy 
appreciably over the range of concentration involved, it is evident 
that the bimolecolar velocity coefficient should remain constant 
during the reaction. The following data were obtained in an experi- 
ment with trichloracetic acid (0*2412 mol per litre) at 25^ 



k \JiUU/9J 


»^* 


t a (a-'X] 





12.06 


— 


47.8 


11.18 


0.00676 


118.0 


10.24 


0.00626 


191.0 


9.24 


0.00668 


2910 


8.80 


04)0648 


4075 


7.50 


0.00618 


672.0 


6.07 


04)0605 



Although the numbers in the third column show that the bi- 
molecular coefficient is practically constant, this constancy does not 
necessarily mean that the esterification, in absence of a catalyst, is 
auto-catalytic in nature, for it can be shown ^ that the same form 
of expression is obtained for the velocity coefficient, if it is assumed 
that the reaction takes place between the alcohol and the undissociated 
acid, or between the alcohol and the ions of the acid. In other words, 
the bimolecular nature of the process is a necessary consequence of 
the electrolytic dissociation of the acid. 

Znflnenoe of the Vature and Coastitation of the Acid on thm 
Velocity of EsterificatioiL From the work of numerous observeis 
it has been possible to draw certain general conclusions relative to 
the influence of the nature and constitution of the acid on the velocity 
with which it is esterified in presence of a mineral acid catalyst. 
In the fatty series,* all substituted acetic acids are esterified more 
slowly than acetic acid itself, and in the series represented by 
(1) CHjX . COjjH ; (2) CHXj . CO^H ; (3) CX3 . COjH it appears that 
the first is always more rapidly esterified than the second and the 
second more rapidly than the third. The velocity is independent 
of the strength of the acid, as measured by its ionisation constant 
in aqueous solution, and mainly depends on the number and 'size' 
of the atoms or groups which are substituted for hydrogen in 
the acetic acid. In the series of mono-substituted acetic addsi the 
methyl group has the smallest influence, the effect of other snb- 
stituents increasing in the ordei^— chlorine, phenyl, bromine, iodine 
(p. 840). 

In the case of aromatic acids, similar retarding influences are 
apparent^ and the effect of substitution in the ortho position is very 

1 Donnan, Ber.y 1896, 20, 2422. 

' Sudborough and Lloyd. Trans, Chem. Soc., 1899, 76, 467 ; 1898, 78, 81. 
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much greater than in the meta or para position. From experiments 
with the diortho substituted benzoic acids, it appears that certain of 
these are esterified with extreme slowness. That there is no real 
difference, however, between such diortho substituted acids and 
other substituted benzoic acids, such as the steric hindrance hypo- 
thesis would seem to suggest, is clearly shown by the &ct that such 
diortho substituted acids can be esterified completely and without 
difficulty under favourable conditions (p. 840).^ 

In the absence of a mineral acid catalyst, the influence of sub- 
stituting groups on the rate of esterification appears to be less 
sharply defined, and no very general relationships are exhibited by 
the dynamical data for auto-esterification. 

Beeompositioii of Diaso-oompoiuiids. The decomposition of 
aqueous solutions of the diazo-compounds of the benzene and 
naphthalene series affords a further instance of a bimolecular 
reaction which proceeds in accordance with the equation for a uni- 
molecular change.* In accordance with the equation 

CeHfiN : NQ + H,0 = CcH^OH + HOI + N^ 

nitrogen is set free, and the progress of the reaction can be followed 
by collecting this nitrogen and determining the volume after 
measured time intervals. 

The velocities with which different diazo-compounds are decom- 
posed vary enormously, as is evident from the following data, which 
express the relative velocities of decomposition, and afford therefore 
a measure of the relative stabilities of aqueous solutions of the diazo- 
compoimds. In consequence of the great differences in the speed of 
decomposition, the diazo-compounds cannot all be compared at one 
and the same temperature, but, on the assumption that the tempera- 
ture coefficients of the reaction velocities are sensibly the same, it is 
possible to refer the actual data to a common basis and so obtain 
a series of comparable numbers. 

lUUUive Rates qf Decomposition (/ DioBohemene Compounds, 
Diazo-o-nitrobeDzene chloride ... 1 



if 
» 

71 
it 
fi 



-m- nitrobenzene 
-p- nitrobenzene 
-j>8ulphanilic acid 
-j^-toluene chloride 
-benzene 
-o-toluene 
-n-toluene 



7> 
>7 



11 
11 
II 



5.8 

18.7 

182 

250 

2200 

6000 

6500 



, 1908, 80, 1895. 



* Bosanoff and Prager, Joum. Amer. Ckem, Soc, 

s Cain and Nicoll, Trans. Chem. Soc, 1902, 81, U12 ; 1903, 83, 206. Hantzsch, 
Ber., 1900, 88, 2517 ; cf. also Hauaser and Muller, BulL Soc. C/Um,, 1892 (111), 7, 
721 ; 1898 (111), 9, 858. 
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FormatioB of A«> Coloaziiig Xatfeenu According to the equation 

C.H / >0 + C«H,N (CHJa • HCl 



SO, 






.N:N.CeH4.N(CHj2 

+ HC1 
SO3H 



it might be expected that the reaction between p-diazobenzene- 
sulphonic acid and dimethyhiniline hydrochloride would proceed at 
a rate determined by the product of the concentrations of the 
sulphonic acid and the aniline salt When the experimental data are 
employed to calculate the bimolecular velocity coefficient, it is found, 
however, that the values vary considerably during the course of the 
reaction. Moreover, addition of hydrochloric acid to the solution 
lowers the speed to a considerable extent, and it is therefore im- 
probable that the undissociated aniline salt or its ion represents one 
of the reacting components, for the active mass of these will not be 
appreciably altered by the addition of the acid. 

If, on the other hand, it is assumed that the free base present 
in the solution is the active component, and if the concentration of 
this at any moment be denoted by ( and the concentration of the 
sulphonic acid by a - rr, then 

dz/dt''Jc((a''X). (1) 

If, further, the original reaction mixture contains a mols of dimethyl- 
aniline hydrochloride and 6 mols of added hydrochloric acid per litre, 
then after time ^, when x mols of the azo-compound have been formed, 
the concentrations of the hydrochloride, free base, and hydrochloric acid 
will be respectively (a - ^ - x), f, and {h + ^-^x) and from a considera- 
tion of the hydrolytic equilibrium 

CeHj NCCHa), . HCl + H^O ^ CeH^ . N(CH3)8H . OH + HO 
it follows that j^j (5 + ^ + ^) 

(a-(-x) 

Since ( can in general be neglected in comparison with h + x and 
G—Xf we may write 

a^x 

b-i-x 
and by sabstituting in equation (1) 

' 6 + a? ' 

* i a a-x a-x) 
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In the following table are given the data obtained by Goldschmidt 
and Merz' in two experiments at 20° with different amounts of 
added acid. 



a » 002C 


12, h - 002. 


S2 moL 


a - 0-0282, h - 0-0564 nuH. 


t {minutes) 


a—x 


W 


i {minutes) 


o— « 


V 





00282 


— 





0-0282 


_ 


46 


0-0228 


00057 


90 


0-0224 


0-0060 


160 


001C6 


0-0067 


240 


0-0176 


0-005ii 


210 


0-0146 


0-0067 


875 


00142 


0-0061 


SCO 


00118 


0-0068 


480 


0-0128 


0-0<i63 


890 


0-0108 


0-0058 


1440 


0-0068 


0-0055 


1820 


00051 


0-0056 


1800 


0-0058 


0-0056 



The retarding influence of the hydrochloric acid is seen from the 
fact that whereas the reaction is approximately half completed in 
210 minutes in the first experiment, the time required for this in the 
second is about 875 minutes. 

The constancy of k', as shown by the above numbers, together 
with the fact that neutral chlorides are without influence on the 
speed of the i*eact]on, indicates with considerable certainty that 
the formation of methyl orange is due to the interaction of the diazo 
compound not with the aniline salt, but with the small quantity of 
free base which is present in the solution. 

Sraasfomiation of Anunoninm Cyanftte into Carbamidt. In 

the conversion of ammonium cyanate into carbamide in dilute 
aqueous solution, we have to deal with a reaction which is reversible 
to an extent which is easily measurable. The composition of the 
solution in the final condition of equilibrium indicates, however, that 
the velocity of decomposition of the carbamide may be almost 
neglected in comparison with the velocity of its formation, until at 
least 75 per cent, of the cyanate has been transformed, and, on this 
account, it is convenient to treat the reaction as belonging to the 
group of non-reversible changes. A further circumstance which 
complicates the process is the simultaneous decomposition of the 
cyanate with formation of ammonium carbonate, but this change 
may also be neglected in comparison with the principal reaction. 

The following table contains data recorded by Walker and Hambly * 
for the decomposition of a 0-1 molar solution of cyanate at 50* 1^. 
In calculating the uni- and bi-molecular velocity coefiicients (^ and ft^), 
the concentrations recorded under a-x are reckoned from the practical 
end-point of the reaction which makes a «= 0-0916 instead of 0-L 

1 £er., 1897, 80, 670. 

* Trans, Chem, Soc, 1895, 67| 746. 
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i {minutes) 


a—x 


*i 


kt 





0-0916 




— 


45 


0-0740 


000206 


00576 


72 


0-0656 


000201 


00599 


107 


00584 


0-00188 


00577 


167 


00512 


000161 


00548 


280 


00424 


000145 


00551 


812 


00348 


000184 


00572 


600 


0-0228 


000101 


00548 



Whilst ki diminishes as the reaction proceeds, the values of H^ are 
practically constant, indicating that the reaction is bimolecular. 
To account for this, it might be supposed (a) that two molecules 
of ammonium cyanate react together ; {b) that the cyanate is dissociated 
into ammonia and cyanic acid, which yield carbamide by their 
interaction ; (c) that the reacting components are the ammonium and 
cyanate ions or the non-ionised ammonium cyanate. Whereas the 
addition of neutral salts has, in general, no appreciable influence on 
the velocity of the reaction, it is found that ammonium salts 
increase the speed considerably. On the other hand, free ammonia, 
which is but feebly ionised in solution, has little influence on the 
rate of change. From these facts Walker and Hambly drew the 
conclusion^ that the bimolecular course of the change is due to the 
interaction between the ammonium and cyanate ions, carbamide 
being formed from these as represented by 

NH/ + CNO' -♦ COCNHjJjj. 

In agreement with this view it is found that kj diminishes some- 
what as the initial concentration of the cyanate solution increases, 
this being due to the decrease in the ionisation of the salt as its 
concentration increases. 

Most of these facts can be equally well interpreted, however, if we 
assume that it is the non-ionised portion of the anunonium cyanate 
which undergoes transformation, and the fact that in 90 per cent 
ethyl alcohol, the cyanate is converted into carbamide thirty times 
as rapidly ' as in pure water under similar conditions, is distinctly 
favourable to the view that non-ionised ammonium cyanate is the 
reactive substance. 

According to Chattaway,' the transformation of the non-ionized 
cyanate into carbamide is not a case of simple intramolecular 
change, but is due to the interaction of ammonia and cyanic acid, 
analogous to the reactions between isocyanic esters and ammonia or 

1 For a criticism of this view compare £. E. Walker, Proc. Boy, Soc^ 1912, 
A 87, 539. 

" Walker and Kay, Trans. Chem. Soc, 1897, 71, 489. 
' Trans, C9^m. Soc, 1912, 101, 170. 
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aminee, whereby substituted carbamides are formed. The trans- 
formation may be formulated as follows : 

/OH 
NH4.N:0:O^H.N:0:O + NH3;^HN:C< ^HjN.CO.NHa 

\nh, 

and if this view is correct, the reaction in question belongs to the 
group of consecutive reactions (p. 813). 

The niedel-Craffcs Beaetion. Some light has been thrown on 
the mechanism of this general reaction by dynamical experiments. 
Steele^ has investigated in this manner the formation of tolyl 
phenyl ketone fi-om toluene and benzoyl chloride in presence of 
aluminium chloride and of ferric chloride (p. 195). The reaction 
corresponds with the equation 

CoHfiCO . CI + CeHfi . CHj = CeHg. CO . C^JI^ . CH3 + HCl 

and its progress was followed by passing a constant current of 
hydrogen, saturated with toluene vapour at the temperature of 
the experiment, through the reaction mixture and measuring the 
change in titre of a standard solution of alkali through which the 
issuing hydrogen, carrying the hydrogen chloride liberated by 
the reaction, was passed. In these experiments the toluene was 
present in large excess, and, under these circumstances, it might be 
expected that the reaction would be unimolecular. The experimental 
data show, however, that the order of the reaction varies with the 
ratio of the amounts of aluminium chloride and benzoyl chloride, 
being unimolecular if the ratio AICI3/C0H5 . COCl does not exceed 
unity, and bimolecular in presence of excess of aluminium chloride. 

The results are best explained by assuming the formation of 
a compound between one or both of the reacting substances and the 
aluminium chloride, and by the removal of the latter from the system 
in combination with the ketone formed. 

When the ratio AlCl3.CeH5CO.Cl does not exceed unity, the 
mechanism suggested by Perrier^ and Bolseken' is sufficient to 
explain the dynamic observations. According to this, a compound 
is formed containing the acid chloride and aluminium chloride and 
this reacts with the toluene according to the formula 

Al^ae.2C8H5COCl + 2CeH5.CH3 -♦ Alaae.2CeH5.CO.CeH,.CH3 

+ 2HC1 
If this compound is only soluble to a limited extent in the 

> Trans. Chem, Soc, 1908, 88, 1470. 
* Bar., 1900, 88, 815 

> Ric trav. chim. Pays-Baa^ 1900, 18, 19 ; 1901, 20, 102. 
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toluene, the rate of change during the early stages of the reaction 
will be constant, because of the constant active mass of the compound 
in the saturated solution. The actual data show that the speed is 
constant until the aluminium chloride ceases to exist as a solid 
phase, and constant values are only obtained for the unimolecular 
velocity coefficient (A^) if the time measurements are reckoned from 
the point at which this occurs. 

That the aluminium chloride is removed from the reaction 
mixture in combination with the final product is indicated by the 
fact that one mol of aluminium chloride cannot convert more than 
one mol of the acid chloride into the ketone. If this were not the 
case, the regenerated aluminium chloride would react with further 
quantities of the acid chloride. 

In order to account for the bimolecular character of the reaction 
in presence of excess of aluminium chloride, it is necessary to assume 
that this forms a similar additive compound with the toluene. The 
actual reacting components are then the two additive compounds, 
and the rate at which hydrogen chloride is evolved will be governed 
by the dynamic equation for a bimolecular change (coefficient = A^. 

The following tables contain data obtained by Steele in experiments 
under the two different conditions referred to above. 

AlCl, 1*20 gram, O^HftCO . CI 1-18 gram. Molar ratio » 1-0. 
ToLuMW 20 C.C. X « HCl UberaMl. 

i (minideB) 
2-75 
4-6 

7-76 

i8-2e 

160 
21-0 
26-0 

00 

The numbers in the fourth column under x/t show that the speed 
is constant in the early stages, but the constancy of ki demonstrates 
the unimolecular character of the further progress of the reaction. 

AlCl, 2*66 gram, CtVLfiO . CI 1*18 grum. Molar ratio ■> 2*8. 
Toluene 20 ex, x -> HCl litmaM. 

{^imiies) 
2-0 
80 
4*0 
50 
60 
7-76 

00 

Oomposite &eaoti<ms. In the reactions which have so far been 
discussed, it has been assumed that a single chemical change 



X 


*i 


x/t 


9*8 




8-88 


15*4 


^.. 


8-48 


24-9 


0-194 


8-28 


81-8 


0-196 




88-4 


0-200 




84-6 
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0-0229 


26.4 


0-0276 


28-8 


0-0281 


29-2 


0-0266 


80-1 


0-0269 


81-8 


00278 


85-4 


^_ 
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18 inyolyedy that this proceeds in a particular direction and 
is moreoTer a direct process in the sense that the substances 
obtained are the immediate products of the interaction of the 
original substances. The majority of reactions do not satisfy these 
conditions, in that they usually inyolve simultaneous or con- 
secutiTO changes, and, as a group, these reactions may conveniently 
be distinguished from the simple reactions by the term composite 
reactions. * 

To such composite reactions, an important principle applies — the 
principle of mutual independence of different reactions — according 
to which, when a number of reactions occur simultaneously in any 
system, each of the component reactions proceeds in conformity 
with the mass law, and as if it were quite independent of the other 
reactions. We have in this principle a close analogy with that 
which determines the mechanical effect on a particle of the simul- 
taneous application of a series of different forces. According to the 
nature of the component changes, composite reactions may be 
discussed under the head of concurrent, reversible, and consecutive 
reactions. 

Concurrent Saaotions. If the original substances A and B 
react together so as to give rise simultaneously to two series of 
products in accordance with the formula 

ImA-^nB-^pC+qD 
Im'A^n'B'-^rE-k-sF 



i; 



we have to deal with a case of two simultaneous concurrent 
reactions. 

The general theory of such reactions has been discussed by 
Wegscheider.^ In general, the ratio of the quantities of the different 
sets of products will be dependent on the time which has elapsed 
since the commencement of the reaction. If, however, the number 
of the molecules of each of the reacting substances involved is the 
same for the different concurrent reactions, the ratios of the products 
formed in the several processes will remain constant throughout the 
whole course of the reaction. In the example formulated above, the 
ratio of the quantities of the two series of products will be constant, 
provided m ^ m^ and n = n\ 

In regard to the actual experimental investigation of reactions 
of this class, we are only concerned with those in which the con- 
current reactions are limited to two or three, and where these are 

> ZHt. pkytOe. Obem., 1S99, 30. 698; nf. also Ostwald, Lehrfmeh, 2, 2, 249; 
Mellor, Chfmieal Statka and Dynamics, p. 68. 
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of simple type (unimolecular or bimolecular). If we are dealing with 
two reactions, both unimolecular or both bimolecular, the quantities 
of the two sets of products will remain in a constant ratio, but this 
will not be the case if one reaction is unimolecular and the other 
bimolecular. 

In the simplest case, where the two concurrent reactions are 
of the first order, as represented by 

let a be the original quantity of il in unit volume, x the quantity 
transformed after time t, y and e the quantities of B and C formed 
after this time interval, and A;^ and he the velocity coefficients of the 
two reactions, then we have 

dx/dt = dy/dt + de/dt (1) 

dy/dt^kB(a'x) (2) 

da/dt = kc(a- x) (8) 

and therefore dx/di = (ks + kc) (a -x) (4) 

or on integration 

kB + kc = T In (5) 

t a-x ^ 

which is identical with the equation for a simple unimolecular 
reaction. 

In a similar manner, it can be shown that the integrated form of 
the equation for a pair of concuri-ent bimolecular reactions is of the 
same type as the cori^spouding equation for a simple bimolecular 
change. 

From equations (2) and (3) we have 

dy/dt/ dz/di = yjz = ItBlkc = K (0) 

or the ratio of the quantities of the products of the two concurrent 
reactions is constant and equal to the ratio of the velocity coefficienta 
From (5) and (6) it foUovvs further that 

^^' 7 1 I7 O 

*' iC+1 t a-x ^ ' 

and these equations furnish us with the velocity coefficients of the 
separate concurrent reactions. Examples of non-reversible changes 
of this type will now be considered. 
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Decoupontion of Oxalaeetio Acid Phenylhydrasone. The 

decomposition of pure aqueous or acidified solutions of oxalacetio 
acid phenylhydrazone, when heated at 100°, has been found by 
Jones and Richardson^ to yield two different products — (A) pyruvic 
acid phenylhydrazone, (B) pyrazolonecarboxylic acid, as represented 
by the equations 

COjH . C . CHa . CO2H COjH . C . CHj 

II -♦ I +COa A. 

N . NHCeHg N . NHCeH^ 

COaH . C . CHa . COgH 00,11 . C . CHj 

\C0 +HaO B. 
N.NHaHc N.N.O«H 



6**5 



Each of the two concurrent reactions is unimolecular, but the 
second differs from the first in that it appears to be catalytically 
accelerated by acids. In addition to the fact that relatively large 
quantities of pyrazolonecarboxylic acid are formed in mineral acid 
solutions as compared with pure aqueous solutions, reference may 
be made to the observation that solid oxalacetic acid phenyl- 
hydrazone yields only pyrazolonecarboxylic acid. Furthermore, it 
has been found that a given amount of the original substance yields 
less carbon dioxide as the amount of water in which it is dissolved 
diminishes, and that in other less strongly ionising solvents (such as 
pyridine, toluene), the relative amount of carbonic acid evolved is 
greater than in the case of aqueous solutions. All these facts agree 
with the assumption that reaction B is catalytically accelerated 
by the hydrogen ions resulting from the electrolytic dissociation of 
the acid hydrazones. If a is the amount of the oxalacetic hydra- 
zone, originally present in unit volume of the solution, x the quantity 
decomposed after time t, y and b the quantities of pyruvic acid phenyl- 
hydrazone (or carbon dioxide) and pyrazolonecarboxylic add formed, 
hji and Tcb the velocity coe£Scients of the reactions A and B, and H the 
concentration of the catalysing hydrogen ions, which is supposed to 
remain constant throughout the reaction, then 

1 a 
hA+kB'S== ,ln , (1) 

and since rr « ^ + xr and p/e «= constant, 

therefore x/y <« constant and x/0 « constant. 

If now the total amount of pyruvic hydrazone or carbon dioxide 

1 Trans. CAmi. 3oc., 1902, 81, 114a 
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formed, whea the reaction is at an end, is represented by yeo , 
""^^ a/{a-«) = y„/(y«-y) 

and equation (1) may be written in the form 

h.-^kj,.H = hn-^ — (2) 

The progress of the reaction was actually followed by measurement 
of the volume of carbon dioxide evolved. The following table con* 
tains the data obtained in an experiment with a solution containing 
0-1 gram oxalacetic acid phenylhydrazone in 100 c.c. of water. The 
values under y represent the GOj evolved in cc, y^ being equal 
to 820. 



HjtKondB) 


y 


i^A 


+jk,.in.io-» 


70 


50 




1-06 


180 


80 




0-96 


172 


100 




0*95 


286 


126 




0-91 


812 


160 




0*88 


892 


175 




0-88 


480 


200 




0*89 


720 


250 




0*92 



From experiments with sulphuric acid solutions containing from 
\kj5 ^ '^6 oqiuivalent of acid per litre it was possible to obtain 
the ratio of the coefficients ks/kx, and from this and the value of 
(hA + kB • H) the separate velocity coefficients of the concurrent 
reactions could be determined. At 80^ ki was thus found equal 
to 0000366 and kB -= O-OlSa 

Chlqriaation of Beniene. When benzene is chlorinated in 
presence of iodine monochloride, substitution and addition occur 
simultaneously in accordance with the equations 



{ 



CeHe + CI, - C^IL^QH + HCl A. 
C«He + 3Cl,-CeHeCle B. 



This composite reaction has been followed dynamically ' by estima- 
tion of the quantity of unchanged chlorine and of the hydrogen 
chloride formed, the former affording a measure of the sum of 
the two velocities, the latter a measure of the velocity of reaction A. 
In pure benzene solution the course of the change was found to be in 
agreement with the equation for a unimolecular reaction, but experi- 
ments with solutions containing variable quantities of benzene 
dissolved in carbon tetrachloride showed that the speed of the 

^ blator, Trans. Ckem, Soc, 1903. 83, 729. 



CHLORINATION OP BENZENE 803 

reaction is proportional to the benzene concentration. For given 
concentrations of chlorine and benzene the speed is moreover pro- 
portional to the square of the concentration of the catalyst, so that 
the rate of disappearance of chlorine may be represented by the 
equation 

At every stage during the reaction, the ratio between the amount 
of chlorine which enters the benzene nucleus and that which forma 
the hexachloride remains constant, this ratio being equal to 8-3. 
This observation shows that the two reactions are both unimolecular 
in presence of excess of benzene. 

When stannic chloride or ferric chloride is employed as catalyst, 
the hexachloride is not formed to any appreciable extent, whereas 
reaction B is the only one which occurs under the influence of light 
In all cases the course of the reaction is the same as in presence of 
iodine monochloride, the rate of disappearance of the chlorine being 
that required by the equation for a unimolecular i^eaction. The 
differences in the relative quantities of the two products show, how- 
ever, that the relative speeds of the concurrent reactions may be 
altered to a very large extent by suitable variation of the catalyst. 

Aotion of Sihrar Salts on KUkjl Iodides. When silver nitrate 
acts on ethyl iodide in absolute alcoholic solution, two changes occur 
simultaneously, as represented by the equations ' 



{ 



C2H5I + AgNOa + C2H5OH = Agl + HNO3 + (CaH^)^© A. 
CjHgl + AgNOg = Agl + C2H5NO3 B. 



Experiments at 25^ show that the proportion of silver nitrate 
which reacts according to A amounts to 70 per cent., and that 
this proportion holds good for the entire course of the change. 
From this it may be inferred that the reactions are concurrent 
and of the same order. 

The rate at which the silver nitrate disappears in any given 
experiment is in quite satisfactory agreement with the assumption 
that the reaction is bimolecular, as might be anticipated from the 
chemical equations. When, however, the initial concentration of 
the reacting substances is increased, the velocity coeflScient also 
increases, and from this it may be inferred that the reaction is 

> Barke and Donnau, Trans, Chem, 8bc., 1004, 86, 655; Zeit. physik. Chem^ 
1909, 69, 148. 
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not really of the second order. The change in magnitude of the 
velocity coefficient is chiefly due to the silver nitrate, for, in ex- 
periments with constant silver nitrate and increasing ethyl iodide 
concentration, slightly falling values are obtained for ^^2* '^^ 
observed constancy of \ throughout any one experiment is there- 
fore due, in all probability, to the formation of some substance 
during the reaction which has an accelerating effect on the velocity 
of the change. Of the main products of the reaction, ethyl nitrate 
and ethyl ether are inactive, and nitric acid diminishes the velocity. 
On the other hand, the speed is increased when nitrates are added 
to the reaction mixture, although these substances produce no 
alteration in the ratio of the two sets of products A and B. From 
this it might be inferred that the undissociated silver nitrate is 
the particular component which reacts with the alkyl iodide, for 
addition of nitrates will diminish the concentration of the silver ion 
and increase that of the undissociated salt 

When silver lactate is substituted for the nitrate,^ the chemical 
nature of the change undergoes no alteration, the ratio of the quanti- 
ties of the two sets of products being the same for lactate as for 
nitrate. In the case of the lactate, however, the accelerating effect 
referred to is absent, and the values of the bimolecular velocity 
coefficient fall as the reaction proceeds. 

If it is assumed that the reaction takes place between the ethyl 
iodide and the undissociated silver salt, the rate of change at any 
moment may be written 

dx/dt'=k(l''Ot){a'-xf (1) 

where a is the original concentration of both silver salt and alkyl 
iodide and a the degree of electrolytic dissociation of the silver salt 

Assuming further that the ionisation varies with the concentration 
in accordance with the mass law, 
then 2 

j^(a-a;) = jr, (2) 

I 

and from (1) z. 

dx/dt=:^<i?{a-xf==k^{a-'Xf (3) 

Although a is not very different from unity at the dilations 

employed in the dynamic experiments, it will increase slightly as the 

k 
reaction proceeds, and in consequence k^ » -^gfi jj^^y be expected 

^ Donnan and Potts, Trans, CAam. 5oe., 1910, 97, 1882. 
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to increase somewhat during the reaction. The following data show 
that this is actually the case : 



t (minutes) 





4-2 


111 


80.1 


48-6 


84-7 


1190 


a—x 


2-89 


2-0 


1-50 


100 


0-80 


0-60 


0-50 


fcs 




0-080 


0-028 


0-0:i9 


0031 


0-088 


0035 



The velocity equation assumes the same form if we suppose that 
the iodide reacts only with the ions of the silver salt, but the 
increased speed of the reaction which is observed on the addition 
of nitrates to the mixture of ethyl iodide and silver nitrate indicates 
that the active agent is represented by the undissociated silver salt. 

In view of the attempts which have been made in recent years 
to refer organic reactions to interactions of ions, this result is of 
special interest, for the reaction between an ionised salt and an 
organic halogen compound may be regarded as one in which the 
conditions are favourable to interionic action. 

Although it might be expected that the velocities of reaction 
between silver nitrate and the iodo-derivatives of methane would 
exhibit a regular gradation, experiment shows that this is not the 
case. The velocity coefficient for iodoform is about one-eighth of 
that of methyl iodide, and the reactivity of methylene iodide, 
instead of having an intermediate value, is only about one- 
hundredth of that of iodoform. 

FonnatioB of Dijnibstitntion Ptodnots of Bonsene. Tho 

nitration, sulphonation, and halogenation of mono-substituted ben- 
zene derivatives affords an inst^mce of a general reaction in which 
three concurrent changes are involved, giving rise to the forma- 
tion of ortho-, meta-, and para-disubstitution products. Although 
no satisfactory explanation has been given of the marked tendency 
towards the production of disubstitution products belonging to one 
or other of these groups, it is evident that the relative amounts 
of the three products in a particular case are determined by the 
velocities with which the corresponding reactions occur under 
a given set of conditions. By variation of the conditions (tempera- 
ture, concentration, reaction medium) the relative amounts undergo 
variation, and this must be due to differences in the extent to* 
which the velocities of the three reactions are affected. 

Although no reaction of this kind has been examined in detail, 
the relative amounts of the products formed under different con- 
ditions have been investigated for the nitration of benzoic acid and 
its methyl and ethyl esters.^ The proportions of the nitro- 

. ^ HoUemaiii ZsU^physik. CAem., 1899, 81, 79, 
PT. J X 
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substitution products must be in the ratio of the rates of forma- 
tion and therefore of the respective velocity coefficients k^ kgtf and 
hp for the ortho-, meta-, and para-compounds, the progress of the 
reaction being given by the equation 

if the nitric acid is present in large excess. 

In experiments at different temperatures, HoUeman obtained the 
following percentage proportions for the three nitro-benzoic acids : 



Temperaiure, 


Orlho. 


Meta. 


Bora, 


-80° 


14-4 


860 


0-6 


(f 


18*6 


80-2 


1-8 


+ 80** 


22.8 


76-6 


1*2 



BeyandUe Beaotions. If the products of a chemical change 
react together with the formation of the original substances, and if 
this reverse change occurs, under the conditions of the direct reaction, 
with a velocity which is of the same order of magnitude, the reaction 
in question belongs to the type of opposing, balanced, reversible, 
or counter reactions. The principle of the mutual independence 
of different reactions applies to such a case just as to a series of 
concurrent reactions. Each of the independent reactions has its 
speed determined by a certain velocity coefficient, by the active 
masses of the molecular species concerned, and by the number of 
molecules which are involved in the actual process of interaction. 

As compared with a non-reversible reaction of the same order, 
the apparent speed of such a reversible change falls off more quickly 
as the original substances disappear, because of the fact that these 
substances are continuously regenerated from the reaction products. 
The velocity of the opposed reaction increases with the accumulation 
of the products of change, and since that of the direct reaction 
diminishes during this process, a point will ultimately be reached 
wherb the velocities of the two opposed reactions are equal to one 
another. When this condition has been attained the system is said 
to be in equilibrium, and, so long as the external conditions are 
unaltered, the quantities of the original and final products present 
will remain absolutely constant. If the reacting substances are 
mixed at the outset with the final products in such quantities as 
correspond with the equilibrium condition, no change will take 
place. The so-called equilibrium constant is simply the ratio of the 
velocity coefficients of the opposing reactions, and as such its 
evaluation affords but little information in regard to the mechanism 
of the two opposing reactions. 
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Amongst the many examples of reversible reactions which have 
been investigated dynamically, those in which the opposing reactions 
are both unimolecular belong to the simplest type. If such a reaction 
is represented by the formula 



and if a be the quantity of A originally present in unit volume 
(B being absent), x the quantity of A decomposed and therefore of B 
formed after time t, k^ and A^^ the velocity coefficients of the direct 
and reverse reactions, then the rate at which A disappears is given 

^y dx/dt ^k.ia-x)- V«. (1) 

When the state of equilibrium is attained dx/dt = 0, and if 
the corresponding value of a; is ^, then A:i(a - ^) « V ^ 

where K is the equilibrium constant. 
From (1) and (2) we obtain 

and by integration 

Since K « ^/A^^ this equation may be written so as to give the 
values of the individual velocity coefficients, and we then obtain 

^"KWt^Ka-iK^V^x' ^1 KViI^^'k^K^x ^^^ 

By substitution of t 

IT =. -1^ in (4), 

we obtain t \ t a-^l it^ 

lj = £±^«-l- and ft/ = ^^— ^7^»7^, (5) 
^ at i-x * at (-x^ ^ ' 

and from these i t 

*i + V = j?»p^. (C) 

It should be observed that equation (6) bears a close resemblance 
to the equation for an irreversible unimolecular change. The only 
difference is that the expression on the right-hand side of (6) contains 
the quantity of the original substance which has disappeared when 
the condition of equilibrium is attained, in place of the quantity of 
this substance which was initially present. If "k^ is small in 

X 2 
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comparison with A^, then ( will not be very different from a and the 
equation for the reversible reaction passes over into that for the 
irreversible change. 

If the opposing reactions are both of the second order, or if one of 
them is unimolecular and the other bimolecular, it is possible by 
a similar procedure to deduce equations in which x and t are ex- 
pressed in terms of the velocity coefficients of the two opposed 
reactions, but these more complex cases will not be considered here 
from a general standpoint. 

Bynamio Isomerism of Hitro-camplLor and its DerivatiTM.^ 

Solutions of nitro-camphor or other secondary nitro-derivatives of 
camphor exhibit the phenomenon of mutarotation. The progressive 
change in rotatory power appears to depend on a particular grouping 
in the molecule, for the mutarotation occurs in all solvents. It is 
probable therefore that the change involved is an intramolecular 
transformation which is independent of any chemical interaction 
between the nitro-camphor and the solvent (Part II, p. 848). 

In the case of ir-bromonitro-camphor, both isomers or isodynamic 
forms have been isolated. The normal form melts at 108^, and has 
a rotatory power [a]/) = - 51^ in 888 per cent, benzene solution at 
18^. The pseudo form melts at 142^ and its rotatory power 
[a]j) « + 188° in 8-88 per cent, benzene solution at 15°. These 
rotation values have reference to the freshly prepared solutions only, 
for each solution changes gradually in its rotatory power and in each 
case the same final rotation is obtained [a]/) » + 88°. This then is 
the rotatory power of an equilibrium mixture of the two isodynamic 
forms, the equilibrium condition resulting from the equality of the 
speeds of the opposed reactions represented by 

yCR . NO2 yC . NOH 

CgHiaBr | ^^ CsH,,Br j^^ 

\co \)0 

normal. paeudo. 

Measurement of the rotation of the solution after suitable time 
inteiTals enables the progress of the reaction to be followed very 
conveniently. If Tq denotes the initial rotation of a solution of the 
pseudo form, r the rotation after time t, and r^ the equilibrium 
rotation, then, since x is proportional to {vq - r) and f to (r^ - r^ ), we 
may write 



h^K-\in^,-yf 



fn — Tgg 



*•« 



» Lowxj, Truns, Chm, Soc, 1899, 75, 211 ; B. A. Bifort, 1901, 
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In the following table are recorded the results obtained with 
a 5 per cent solution of pseudo ir-bromonitro-camphor in chloroform 
solution at 14^^ 



{hours) 


r 


1 , *'o-*'oo 


0-2 


+ 188-8 


-^ 


80 


1690 


0-0197 


60 


1560 


0-0198 


70 


1460 


0-0198 


240 


84-5 


00197 


720 


87-8 


0-0197 


810 


85-8 


00191 


96-0 


840 


0-0184 


00 


81-8 


— 



The concordance of the numbers in the third column affords 
satisfactory eyidence of the correctness of the view that the muta- 
rotation is due to reversible isodynamic change. Whether or no the 
transformation of the pseudo or the normal form is subjected to 
dynamic investigation, it is obvious that the value oi k-^Jcf should 
be the same. In this pai*ticular case, actual experiment gave diver- 
gent values, for whereas ki + ki was found to be 0-0188 from 
observations of the rate of transformation of a 8-33 per cent, benzene 
solution of the pseudo form, the corresponding value calculated from 
the data for the normal form was only 0-0064. It is very probable 
that the difference in the two values is due to secondary disturbances, 
for the isodynamic change in question has been shown to be 
extremely sensitive to traces of impurities. 

In solvents which contain oxygen the velocity of the isomeric 
transformation is much greater than in hydrocarbons, carbon di- 
sulphide, or chloroform. Bases like pipeiidine in chloroform and 
benzene solution, and sodium ethoxide in ethyl alcohol, accelerate 
the change enormously. Neutral salts also exert an accelerating 
effect although of much smaller magnitude, and the influence of acids 
is still less maiked. 

In general, the isodynamic change begins as soon as the substance 
is brought into solution, but anomalous results have been found in 
certain cases.' In chloroform solution, for example, normal nitro- 
camphor was found to be comparatively stable ; this was afterwards 
found to be due ' to the presence of small quantities of carbonyl 
chloride (formed by oxidation of the chloroform) which converts 
any traces of ammonia or other aminic impurities into inert carb- 
amides and so destroys their catalytic action. By the addition of 

* Lowry, loc. eft 

' Ix.wry and Magson, Trans, Chem. Soc., 1908, 98, 107. 

* Lowry and Hagson, Trans, Oiem, 8oc, 1908, 08, 119. 
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small quantities of carbonyl chloride (or other acid chlorides), the 
isodynamic change can also be arrested in other solvents. 

From his observations on the isodynamic change of the secondary 
nitro derivatives of camphor, Lowry assumes that the presence of 
a catalyst is necessary before the change can occur. Such changes, 
which belong to the keto-enol type, are brought about by substances, 
all of which may be represented by the general formula HX^ such as 
water, alcohols, acids, amines, and bases, and the way in which these 
act is supposed to be by the formation of addition compounds, from 
which the catalyst may be eliminated in a different way from that 
in which it entered into combination with the original substance. 

Vntarotation of the ICono-eaeoliiiroees.* The mutarotation 
phenomena exhibited by the mono-saccharoses are closely similar to 
those which have been referred to in the preceding section. The 
a- and ^-forms of glucose represent isodynamic modifications, and 
their aqueous solutions^ exhibit gradual changes in rotatory power, 
the ultimate rotation being the same independently of whether the 
original solution was prepared by dissolving the a- or the ^-form. 
The equilibrium mixture corresponds with what was at one time 
supposed to be a third modification of glucose (Part III, x>* 44).' 

Lactose shows exactly similar relationships, and from Erdmann's 
observations' on the rates of change of the two isomeric forms, it has 
been found ^ that (A^ + Tc^) has the same value whether the sum of the 
velocity coefficients is calculated from the direct or the reverse 
reaction. This is shown by the following data : 



SdliUkn qf a4ac(08«. 


Solution qffi-laetoi$. 


(mimUes) r 


fci+V 


i (minutes) 


r 


*!+*! 


Si-O* 


— 





89-6* 


— 


60 TS^** 


000206 


60 


46-8* 


0-00209 


120 67-8* 


0-00197 


120 


49-6'* 


0-00206 


180 62-9'' 


0-0020S 


180 


62-2" 


OK)0212 


240 eo-i** 


000209 


240 


fisr 


0*00224 


00 66-0' 




00 


56-0** 


— 


Mean 0-00204 


ui 0-00218 



Within the limits of experimental error, the mean values of ^ -f t|' 
are identical, and the requirements of theory are therefore fully 
satisfied in this important particular. 

» Cr. Ureeh, Ber^ 1882, 16, 2180; 1888, 16, 2270; 1884, 17, 1647; 1885, 18, 
8047. 

s Lowry, Pnc Chem. Socy 1904, 20, 108; Tanret, BuU, Soc. OMm., 1871 16. 196, 
849; 1872, 17, 802. 

• Ber., 1880, 18, 2180. 

« Hudson, ZHl physik. Oirnn., 1908, 44, 487. 
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Formation of Laotones from y- and S-Eydrozy Acids. In pre- 
sence of mineral or other strong acids, y-hydroxybutyric acid is 
partially converted into the corresponding lactone, the reaction being 
reversible, as represented by the formula 

CHgOH CHj 



OHg / CH, 

I ^ O I +HjO 

Coa \ Clio 

I \l 

COaH CO 

Whereas the dehydration of the acid appears to be a unimolecular 
process, the hydration of the lactone involves the interaction of two 
molecules and is therefore bimolecular. Since the water is present 
in lai^e excess, however, its active mass remains practically constant, 
and on this account the hydration may be expected to proceed in 
accordance with the equation for a unimolecular change. In 
presence of a sufficient quantity of mineral acid, which accelerates 
both reactions to exactly the same extent since it is without influence 
on the final equilibrium, the reaction takes place at a convenient 
speed at the ordinary temperature and can be followed by titration 
of the unchanged acid by means of a standard solution of alkalL 
The following data were obtained by Henry ^ in an experiment at 25^ 
with a solution containing initially 01767mol y-hydroxybutyric acid 
per litre, normal hydrochloric acid being used as catalyst : 



t (minuiea) 


X (in e.e 


1. ft/ alkali solution) 


*i + *i' 












-» 


21 




2*41 




0-0865 


60 




4*96 




0-0874 


65 




610 




00882 


100 




8-11 




0-0884 


160 




10*85 




0-0882 


220 




11-66 




0-0870 


CO 




18-28 - 


( 


— 



In the absence of an acid catalyst, y-hydroxy acids are also slowly 
converted into the corresponding lactones under the influence of the 
hydrogen ions which are formed by their own electrolytic dissociation. 
Under these circumstances, the change affords an instance of an auto- 
catalysed reaction, and on the assumption that the opposing reactions 
are accelerated in proportion to the concentration of the hydrogen 
ions and that it is the undissooiated add which undergoes dehydration, 
it is possible to obtain an expression for the progress of the change 

1 ZntphffBik, Chmu, 1892, 10, 96. 



812 DYNAMICS OP ORGANIC REACTIONS 

which is also in satisfactory agreement with experimental observa- 
tions (compare Henry, loc cU»). 

Sflterifleatioii. The formation of an ester from the corresponding 
alcohol and acid affords an example of a reversible bimoleoular 
change, as might be expected according to the formula 

EOH + R^COgH ^ RiCO^ + H,0 

When esterification or ester hydrolysis occurs in aqueous alcoholic 
solutions under the influence of an acid catalyst, the active masses 
of the alcohol on the one hand, and of the water on the other, 
remain unaltered during the progress of the reaction, and in accor- 
dance with this it has been found that both esterification and ester 
hydrolysis proceed at a rate which can be calculated from the equation 
for a reversible unimolecular change. 

The following data were obtained by Kistiakowsky ' for the esteri- 
fication of formic acid in 41 per cent alcoholic solution at 24*75^ 

Ibrmtc add, 0-0668 mol per lUr^. HCl, 0-0262 moL per litr$. 
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When ethyl formate is hydrolysed under the same conditions, 
values of hi and A^' are obtained which are equal to those recorded in 
the above esterification experiment. 

From the previous discussion of esterification and ester hydrolysis 
(see pp. 279, 290) it appears that ester hydrolysis in aqueous solution 
and esterification in alcoholic solution are changes which in presence 
of an acid catalyst take place in agreement with the equation for 
a non-reversible unimolecular reaction, whilst in aqueous alcoholic 
solutions both changes proceed in accordance with the requirements 
of the equation for a reversible unimolecular reaction. When none 
of the reacting substances is present in large excess, the dynamical 
course of both esterification and ester hydrolysiB can only be repre- 
sented by the equation for a reversible bimolecular reaction. 

If equimolecular quantities of ethyl alcohol and acetic acid are 
mixed together and the volume containing the gram molecular 

^ ZeU physik. Chenu 1898, 27, 250. 



ESTEBIFICATION 313 

quantity of each is taken as unit volume, then the rate of ester 
fonnation will be given at any moment by the equation 

Since equilibrium is attained when almost exactly two-thirds of the 
reacting substances have been transformed into ester and water, 
it follows that 

By making use of (2) in the integration of (1) we obtain the 
relationship 1 o.^. 

The following table records the observations of Berthelot and 
Saint-Gilles ' on the speed of ester formation at the ordinary room 
temperature; from these data are calculated the values of the 
coefficient Jt, ^ ^ V* 



-fi^-=^ = /Tf^. -*•<>• (2) 
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From the series of Ji^ values, it appears that the observed course 
of the reaction is in satisfactory agreement with theory except in the 
initial stages. The apparent diminution of the speed during this 
part of the reaction is perhaps connected with the influence of the 
water, initially formed, on the properties of the acid, and, if so, the 
effect is analogous to that which has been already noted in the case 
of esteriflcation in absolute alcoholic solution. 

According to Knoblauch's experiments^ the same values are 
obtained for the velocity coefficients h^ and h^ independently of 
whether these are deduced from observations on the speed of esteri- 
fication or of ester hydrolysis. 

OonTarsion of Alkyl Ammonium C^jaaiatafl into the cone- 
■ponding Carbamidea. Although the formation of carbamide from 
ammonium cyanate has been discussed on p. 296 as a bimolecular 
non-reversible change, this can only be justified on the ground that 
the speed of the rever«>e reaction is relatively small. In the case of 
certain of the alkyl ammonium cyanates' the difference in the 
velocities of the opposed reactions is not nearly so large, and it 
becomes necessary to take the reverse transformation into account. 

1 ^im. Ckim. fftys., 1862 (8), 65, 885 ; 1862 ^8), 66, 6 ; 1868 y^3), ^^^ 225. 

* ZAtpMOr. Oum,, 1897, 22, 268. 

* Walker and Appleyard, IVafUk Ckmu Soc., 1896, 60, 195. 
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For a dialkyl ammonium cyanate we have therefore a reversible 

reaction represented by 

.NHR 
NHgRaCNO ^ C0< 

\NHR 

the speed of formation of the carbamide at any moment being given by 

By integration of this and the relation between "k and V which is 

afforded by the state of equilibrium, namely K =» "kjJi « r— >w> ^ and 

y may be evaluated in terms of a, ^, re, and ^ and experiment shows 
that the decomposition of the alkyl ammonium cyanates can be 
adequately accounted for on the assumption that the actual change 
is the resultant of two opposed reactions, one of which is bimolecular 
and the other unimolecular. 

In the appended table are given the values of A; and V iot a series 
of alkyl derivatives : 

Ammonium 
Methyl ammonium 
Dimethyl ,, 
Ethyl „ 

Diethyl „ 
i<o-amyl „ 
Ter-amyl „ 

On comparing the values of "klV for the dialkyl and the oorre- 
sponding mono-alkyl derivatives it is seen that the relative speed of 
the reverse change is much greater for the former than for the latter. 
In agreement with this is the fact that carbamides are not formed to 
any appreciable extent from the tri-alkyl and tetra-alkyl ammonium 
cyanates. 

Confleoiitlvtt Beaetions. In many reactions the number of re- 
acting molecules, which is indicated by the dynamical data, is quite 
different from that which corresponds with the chemical equation. 
According to the equation for the oxidation of oxalic acid by potassium 
permanganate in presence of sulphuric acid, 

2KMn04 + 6H2C2O4 + 8H2SO4 = K2SO4 + 2MnS04 + 8HjO + lOCO^ 

it might be supposed that ten molecules (2 + 5 + 8) are involved in 
the intermolecular transaction by which the final products are 
obtained. In general, however, the velocity curves of complicated 
reactions of this character can only be satisfactorily interpreted on 
the assumption that the actual change which determines the velocity 
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f 

is of a simple character, that is to say, of the first, second, or possibly 
the third order. Hence it seems probable that such reactions take 
place in two or more stages and belong to the group of consecutive 
reactions. 

Such consecutive changes will exhibit differences according to the 
number, the relative speeds, and the orders of the successive stage 
reactions and also according to whether the component reactions are 
reversible or irreversible. Except in comparatively simple cases, 
the mathematical analysis of the dynamics of such composite 
reactions is of a complicated character, and in this chapter no 
attempt will be made to consider more than the simplest possible 
case, namely, that of a reaction taking place in two stages, each of 
the component reactions being irreversible and unimolecular. Such 
a change may be represented by the formula 

(1) (2) 

I^ initially, a mols of A are present in unit volume, and after time 
t the quantities of A^ B^ and C present are x^ y, and z respectively, 
and if Jci and k^ are the velocity coefficients of the first and second 
reactions, then, according to the mass law, 

the rate of disappearance of ^ is 

- -^ = kiX or a; « ae"*i', (1) 

the rate of formation of (7 is 

ft - ^^' <-> 

and the rate at which B accumulates is 

dy dx d£f , . ... 

Further, we have the relationship 

x + y + e " a, (4) 

and from equations (1) to (4) it can be shown that 

^ = ^ - jrnr ^i •«"*«'- *2 • e-h% (5) 

in which the quantity is of the final product, which has been formed 
after any given time interval <, is expressed in terms of the initial 
concentration (a) of the original substance and the velocity coefficients 
ti and %2 of the two consecutive reactions. 

By analysis of equation (5) it can be readily shown that if the 
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velocity coefficient of one of the component reactions is very much 
larger than that of the other, the rate at which C is formed will be 
determined by the speed of the slow reaction. Without reference to 
equation (5), however, it is quite obvious that, under these circum- 
stances, the speed of the entire change will be determined solely by 
that of the relatively slow component, and that the rapid component 
reaction will be without measurable influence. Under these con- 
ditions it is to be expected that the progress of the consecutive 
reaction will be the same as that of a simple reaction of the same 
order. In many cases, in fact, it may not be possible to distinguish 
the composite from the simple reaction, although a distinction 
may be easily drawn in others. If the first stage in the change 
A^^B^->G is relatively veiy slow, the rate at which C is formed 
will be practically the same as the rate at which A disappears, and 
the formation of the intermediate substance may be masked. On 
the other hand, if the first stage is relatively very rapid, the forma- 
tion of the intermediate substance becomes very obvious, although 
the isolation of it from the reaction mixture may not be feasible. 

If the velocity coefficients of the successive reactions are of the 
same order of magnitude, the relationships are much more com- 
plicated. So fsLT as the original substance A is concerned the matter 
is quite simple, for this will disappear in accordance with the equation 
for a non-reversible unimolecular change. On the other hand, the 
rate at which G is formed depends on the concentration of the inter- 
mediate substance B, and this is obviously dependent on the speeds 
of the two reactions. If the quantities of A, B, and C present in the 
mixture are plotted as a function of time, the curve for A falls 
continuously, that representing G rises, but the B curve first rises 
and then falls, passing through a maximum. As the quantity of B 
inci'eases from zero at the commencement of the reaction to its 
maximum value, the rate of formation of the final product increases 
correspondingly, and attains a maximum when ^ is at its maximum ; 
thereafter the rate of formation gradually falls off. The point at 
which the velocity of formation of the final product reaches its 
maximum value is clearly dependent on the relation between the 
peeds of the two successive reactions. 



& 



DecompositioB of Carbamide hgr Acids and Alkalis. An example 
of a consecutive reaction is afforded by the hydrolytic decomposition 
of carbamide, investigated in detail by Fawcett ' by experiments in 
sealed tubes at the temperature of boiling water. 

^ ZHL physik. Chem., 1902, 41, GOl. 



DECOMPOSITION OP CARBAMIDE BY ACIDS 317 

The first stage consists in the formation of ammonium cyanate, 
which, in the second, is converted into ammonium carbonate in 
accordance with the formulae 

I. COCNHJa i± NH4CNO 
n. NH4CNO + 2HjjO-^(NH4)jjC03 

From determinations of the ammonia present after different time 
intervals, it appears that the final product is formed at a rate which 
can be calculated from the equation for a simple unimolecular change. 
This is the case whether the solution is acid, alkaline, or neutral, but 
the magnitude of the velocity coefficient varies considerably according 
to the nature of the solution, as is shown by the data in the following 
table: 

Hydrolyaia <ifi normal carbamide. 

1 a 

Kahare of solution ^i =• 7 gio 

tV normal HOI 102 x lO^^ 

I normal NaOH 60 x 10-» 

Neutral 6-8 x 10-» 

In presence of acids, the intermediate substance, ammonium 
eyanate, is decomposed very rapidly, but more slowly in presence of 
alkali hydroxides. In neutral aqueous solution the velocity cannot be 
determined, because of the fact that the eyanate is almost completely 
converted in a very short time into carbamide in accordance with the 
equation for reaction I. Since, however, potassium eyanate is decom- 
posed with considerable speed into potassium carbonate and ammonia 
in neutral solution, it is reasonable to infer that ammonium eyanate 
will be decomposed with appreciable velocity under similar con- 
ditions. 

If the original solution of carbamide contains a mols per litre, and 
if X mols have been decomposed after time t, the speed of carbamide 
decomposition at this moment will be given by 

dx/dt^kiia-xj-ki'a^ 

where hi and hi^ are the coefficients of the opposed reactions in I. 
Since in acid solution the eyanate is decomposed at a relatively very 
rapid rate, the actual concentration of the eyanate must be very much 
smaller than rr, and in consequence the second term on the right-hand 
side of the equation may be neglected. In dilute acid solution the 
speed of the reaction will therefore be determined by the velocity 
coefficient ^ of the reaction 

CO(NHj^, -> NH4CNO, 
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Jja. pure aqueous soluiion, where the velocity of decomposition 
of the cyanate is much smaller than in presence of acid, the effectiTO 
rate at which carhamide is transformed will he diminished in conse- 
quence of the accumulation of ammonium cyanate and itsreconverBion 
into carhamide. It is prohable that this operates to some extent in 
alkaline solution (compare previous table), but a further complication 
arises here in that the carbamide appears to be directly hydrolysed 
by solutions of alkali hydroxide without the intermediate formation 
of ammonium cyanate, as represented by the equation 

CO(NH2)2 + NaOH + HgO = NaHCOj + 2 NH3 . 

In agreement with this, it is found that the speed of the reaction 
in strongly alkaline solutions is much greater than in acid solutions^ 
that is to say, greater than corresponds with the velocity coefficient 
ki . The hydrolysis of carbamide by solutions of the alkali hydroxides 
is therefore a rather complex process, involving two conconent 
reactions (direct and indirect hydrolysis), one of which takes plaoe in 
successive stages. 

▲otion of BUogeiui on Carbonyl Compounds. In reference to 
the mechanism of the process of substitution of hydrogen in certain 
compounds by halogens, experimental evidence is available which 
indicates that in tlie case of compounds containing the group 
: CH . CO, e. g. ketones, aldehydes, carboxylic acids and their 
derivatives, the substitution is not the result of a simple process but 
of one in which two or more successive reactions are involved. As 
a general rule, those carbonyl compoimds are the most easily attached 
which are known to be capable of conversion into their enolic forma 
In the comparable case of the nitro-paraffins it has also been observed 
that these are not capable of being brominated directly, but are easily 
converted into bromo-derivatives if first transformed into the isonitro 
form, corresponding with the enolic form of carbonyl compounds. 

In presence of a mineral acid, the aliphatic ketones react with the 
halogens in dilute aqueous solution at a rate which can be followed 
conveniently at the ordinary temperature. When the ketone is 
present in large excess, the halogen disappears at a constant rate, 
which is proportional to the concentration of the ketone and the 
acid, but is independent of the concentration of the halogen.^ The 
fact that the velocity remains unaltered, as the halogen disappears 
from the reaction mixture, indicates that the speed of the halogena- 
tion process is determined by a preliminary reaction in which the 

1 Lapworth, TVans. Chtm, 5oc., 1904, 86, 80 ; Dawaon and Leslie. ZVuvw. Oktm, 
Soc, 1909, 85, 1860. 
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halogen is not directly concerned. It is therefore supposed that the 
first stage consists in the transformation of the ketone from the 
ketonic to the enolic form, and that this change is catalytically 
accelerated hy the acid. This slow isomeric change is then succeeded 
by a relatively very rapid change, in which the enolic ketone reacts 
with the halogen X in accordance with the formulae 

I. CHs . CO . CH3 i± CH, : C(OH) . CHj 
IL CH, : C(OH) . CH, + X, -♦ CH^X . CO . CH3 + HX. 

In support of this view it may be mentioned that the speed of the 
reaction is practically independent of the nature of the halogen. 
This is to be expected if reaction II is a relatively very rapid change, 
for the disappearance of the halogen will be determined by the 
velocity coefficient of the reaction CH3 . CO . CH3 -♦ CH, : CO . CH3, 
and, if the active mass of the acetone is practically constant, this 
reaction will occur at constant speed which will be quite independent 
of the chemical nature of the subsequent rapid reaction. 

If the quantity of halogen per unit volume is a mols at the start 
and X mols after time t, then 

--dx/dt^^ky (1) 

from which, since x^ a when f » 0, 

x^a-ht (2) 

The following numbers were obtained in an experiment with 
diethyl ketone and iodine in aqueous alcoholic solution containing 
40 volumes per cent of alcohol.^ In the calculation of the values of 
m in the third column, Jc is made equal to 0-000059. 

Diethyl ketone 0-2582 molper Uirej H^0« O-IO md per litre, Temp, 25^ 

t (minutes) x (pheerced) x (calculated) 

(0-00904) 
0-00727 
0-00650 
0-00482 
0-00284 
0-00196 
0-00108 

The reaction evidently slows down a little towards the end, but this 
18 no doubt due to the fact that the second stage is also reversible in 
character, although under the experimental conditions it may for 
the sake of simplicity be treated as irreversible. 

BcaetioiL li t i w — u BalogMis uid gaton— in tha abitaeaof aa 
Aoid Cataljst. In the absence of an acid, the interaction between 

^ Dawson and Wheatley, Trane. Chem. Soe., 1910, 87} 2048. 
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iodine and aqueouB acetone proceeds very slowly and, at the ordinary 
temperature, the loss of iodine during the first two or three da3r8 ia 
inappreciable. As the reaction proceeds, the velocity increaaea 
continuously in consequence of the formation of the gradually 
increasing quantities of hydriodic acid which accelerates the primary 
tautomeric change in proportion to the quantity present We have 
in this case an example of an auto-accelerated reaction. Althougfa 
in presence of mineral acid the rate of disappearance of the iodine la 
only dependent on the speed of formation of the enolic form of 
acetone, the progress of the auto-accelerated change ia determined 
by the completion of a series of three consecutive changes which may 
be represented thus: 

I. CH3 . 00. CH3 i± 0Hj:C(OH). CH3 
11. CH, : qOH) . CH3 + 1, -♦ CH2I . c/ .CH, 

HL CHjI. c/ .CHj -♦ CHjI.CO.CHj + HI 

M)B[ 

Assuming that reactions II and III are both of high speed rela- 
tively to I, then the concentration of the hydriodic acid will, at any 
moment, be equal to the measured fall in the iodine concentration. 
If the solution contains c mols of acetone per litre, this being present 
in large excess compared with the iodine, and x mols of iodine have 
disappeared after time t, the speed of the primary tautomeric change 
and therefore that of the complete reaction will be given by 

dx/dt « hex (1) 

or, if Xi and x^ are the values of x after times ti and f,, we obtain 
on integration 1 , «2 /ox 

The following data^ show that the actual progress of the change is 
in agreement with the requirements of equation (2). The progreaa 
of the reaction was observed by titration of the residual iodine. 

c « 0*272 mol per litre. Original iodine cmcentration » 0-008976 mol per Wwm. 

TemperaUtre 25^ 
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> Pawson and Powiiy Trone, Ckmn, Soc., 1919, 101, 1509, 
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Although these experiments show that the third stage in the 
reaction proceeds rapidly in comparison with the first, measurements 
of the electrical conductivity of the solution (the change in which is 
determined by the hydriodic acid set free) indicate that under certain 
circumstances there is a very appreciable lag on the part of reaction 
III as compared with IL When dilute iodine solutions (0*0002 mol 
per litre) are employed, it is found that the electrical conductivity of 
the solution increases for some time after the solution has become 
colourless, and this is no doubt due to the time factor which is 
involved in the decomposition of the intermediate iodine addition 
compound. 

Oxidation of Alcohol. The oxidation of ethyl alcohol by bromine 
in dilute aqueous solution ^ affords a further example of a reaction 
which takes place in consecutive stages, as represented by the formulae 

L CjHjOH + Br, -^ CH3 . COH + 2HBr 
IL CH3.COH + Br, + H20-^CH3.C08H + 2HBr 

Under the same conditions reaction II takes place with much 
greater speed than I, but, in contrast with the cases previously 
considered, the velocity of the more rapid reaction is such that it can 
be measured quite readily ' under the same conditions as those in 
which the oxidation of alcohol by bromine has been investigated. 

When the ethyl alcohol is present in considerable excess, the speed 
of the first stage is solely dependent on the concentration of the free 
bromine, and diminishes continuously as the oxidation proceeds. On 
the other hand, the speed of the second reaction gradually increases 
as a result of the increase in the quantity of aldehyde present. 
When the aldehyde has accumulated to such an extent that the 
ratio of the alcohol to the aldehyde concentration is equal to the 
ratio of the velocity coefficients of the reactions Hand I, it is evident 
that both will then proceed at the same rate, so that just as much 
aldehyde is produced in unit time from the alcohol as is lost by 
oxidation to acetic acid. This equality in the speeds of the two 
reactions is obviously dependent on the circumstance that both are 
of the same ' order ' in respect to the bromine. If this were not the 
case, the relative speeds would vary with the amount of free bromine 
present at each stage of the reaction. The data obtained by 
Bugarszky are in satisfactory agreement with this view of tho 
oxidation process. 

1 Baganzky, ZeiL j^usOc. Chem,, 1910, 71, 705. 
* Bagftnzky, ZeiL physik. Chrnn,, 1904, 48, 68. 

FT. I Y 
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It is of some interest to note that the action of bromine on ethyl 
alcohol dissolyed in solvents such as carbon tetrachloride, carbon 
disulphide, and bromobenzene is quite different from that in water 
solutions, the main product of the reaction being ethyl acetate, 
as represented by 

2C2H5OH + 2Br2 = CH3 . COaCgHfi + 4HBr. 

This is also the change which occurs when bromine acts on alcohol- 
water mixtures containing 80 per cent. alcohoL^ 

Fhoto-cheinical Reactioiui. Many organic reactions are known 
which take place only under the influence of light Such photo- 
chemical reactions are of two kinds, namely those in which the 
chemical change is reversed when the light is cut off, and those whidi 
are non-reversible. In the case of certain reversible photo-chemical 
changes, the final state of equilibrium has been found to be dependent 
on the intensity of the light which acts on the system, and in such 
cases it may be inferred that the part played by the light rays is not 
that of an ordinary catalyst. 

In their experiments on the photo-chemical combination of 
hydrogen and chlorine, it was shown by Bunsen and Roscoe ' that 
the activity of the rays from a definite source of light is diminished 
to a much greater extent in passing through a layer of the reacting 
gases than it is when the light is allowed to pass through an 
equivalent layer of pure chlorine. Since the absorption due to the 
admixed hydrogen is negligibly small, it is apparent that the photo- 
chemical change, which occurs in the mixed gases, is accompanied 
by the absorption of light energy. This transformation of light 
energy into chemical energy may be regarded as the distinguishing 
characteristic of all photo-chemical reactions 

From the data obtained in the experimental investigation of 
a number of such reactions, it appears that these are in general 
unimolecular, and are distinguished from reactions which are not 
light-sensitive by the relatively small influence which an alteration 
of tempemture has on the velocity with which they take place. 
These facts have led to the view that the absorbed radiant energy is 
not directly responsible for the chemical change, but that its action 
consists in a preliminary transformation of the reacting system. 
This change, which may consist in the intramolecular transformation 
of the molecules of the light-absorbing substance, or in the formation 

* Bugarazky, Zeit. physik, Outn., 1901, 88, 561. 
> Ann, Physik, 1857, 101, 254. 
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of molecular complexes which act as reaction nuclei,^ is then followed 
by the chemical reaction proper, and if the speed of the latter is 
relatiyely very large it is obvious that the rate of formation of the 
products of the photo-chemical change will be determined by the 
speed at which the preliminary light change occurs. 

If the system in which the photo-chemical reaction occurs is 
homogeneous, then, according to Nemst,' the velocity of the reaction 
at any moment will be given by the ordinary kinetic equation 

in which a, b, ... c, d ... are the concentrations of the reacting sub- 
stances, my n, ... p, g... the number of molecules of the several 
substances actually involved in the change, and h and Isf are the 
velocity coefficients of the two opposed reactions. The values of 
k and Jtf depend on the intensity of the light acting on the system, 
and for light of the same kind are, in certain cases at any rate, 
proportional to the intensity. In consequence of absorption, the 
light intensity varies from point to point of the reaction mixture^ 
with the result that differences in concentration, due to the varying 
reaction velocities, occur, which can only be equalised by the opera- 
tion of diffusion or by mechanical mixing. On this account, it 
is evident that the velocity coefficients which are obtained in any 
series of experiments can only represent average values, which are 
influenced by the particular conditions under which the reaction 
is allowed to take place. 

Although in the case of certain non-reversible changes the 
experimental observations of the rate of change appear to be in 
satisfactory agreement with the above general equation, it is im- 
probable that this can be regarded as the expression of the funda- 
mental law of photo-kinetics. According to Luther and Weigert,' 
the ordinary dynamic equation is certainly not applicable to re- 
versible photo-chemical changes, and these authors formulate the 
fundamental laiv in the following words — * the quantity of a substance, 
sensitive to light, which undergoes change in a given element of 
volume per unit of time, is proportional to the light absorbed during 
the same time by the substance contained in this volume element.' 

This quantitative statement is obviously one which refers only to 
the primary reaction in which the light rays are directly involved, 
and does not necessarily determine the rate of formation of the final 

^ Cf. Weigert, Ann. Physik, 1907 (iv), 24, 243. 

< Theontische ChemUy Sixtli Edition, trans, by H. T. Tizard, 1911. 

9 ZeiUphymk, Ohnn., 1905, 61, 297; 1905, 68, 885. 

Y 2 
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products of the photo-chemical change, for the rate at ^hich these 
are produced will be influenced by the relative speeds of the primary 
light change and any subsequent change or changes of a non-photo- 
chemical character. The velocity of these subsequent changes will 
of coui*se be regulated by the operation of the mass law as expressed 
in the above general equation (p. 322). 

As an example of a reversible photo-chemical change which has 
been examined in detail, the polymerisation of anthracene will be 
considered. 

Anthracene ^ Bianthracene. It was observed by Fritzsche^ 
that a benzene solution of anthracene deposits an insoluble poly- 
meric substance when exposed to sunlight. Orndorff and Cameron * 
showed that this substance is dianthracene, which is produced 
according to 2C14H10 — » CggHjo • According to Luther and Weigert,' 
the change is reversible, depolymerisation taking place in the absence 
of light, and in consequence of the opposed reactions a definite state 
of equilibrium is established when a solution of anthracene (or 
dianthracene) is exposed to light for a sufficient length of time. The 
equilibrium condition is dependent on the nature and intensity of 
the light rays, the nature of the solvent, the temperature, and also 
the concentration of the solution. 

According to the results obtained in experiments with anisole and 
phenetole solutions at temperatures between 150° and 170% the 
depolymerisation of dianthracene is a unimolecular change, the 
velocity of which is the same in the presence or absence of lights In 
the dark it proceeds to completion, and its velocity is increased in 
the ratio of 2*8 : 1 by a rise of temperature of 10° C. On the other 
hand, the polymerisation of anthracene is dependent on the absorption 
of light energy, and the velocity with which this change occurs in 
a given solvent and at a definite temperature is dependent on the 
nature and intensity of the light, the extent of the surface exposed 
to the light rays, and the volume of the solution, but is independent 
of the concentration of the anthracene. As in the case of most 
photo-chemical reactions, the temperature coefficient is very small, 
a rise of 10° C. increasing the velocity only in the ratio 1-1 : 1. 

In accordance with the above facts, the rate of progress of the 
photo-chemical change can be represented by the equation 

dx/dt^lci-Vx, (1) 

1 J, prakt. Chem,f 1866, 101, 887 ; 1869, 106, 274. 
' Amer, Chem. Joum,, 1898, 17| 658. 
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in which x is the concentration of the dianthi-acene at any moment, 
k' the velocity coefficient for the reaction C2gn2o — » 2O14H10 which 
is independent of the incident light, and hi a quantity characteristic 
of the reverse change 2C14H10 -^ CI28H20 which is, moreover, pro- 
portional to the intensity of the absorbed light and the area of the 
light-absorbing surface, and inversely proportional to the volume 
of the reaction mixture. 

If Xo is the dianthracene concentration at the commencement and 
i = ki/k' the corresponding equilibrium value, then, by integration, 

we obtain 1 f^^ 

or, if the solution contains no dianthracene at the start, that is, 
if Xo^ 0, then 

The following table shows the approximate constancy of V during 
the progress of the reaction, the data given being the results of an 
experiment in phenetole solution at IGT'. 

t (minutes) ArUhraeene {miaimoU per litre) x k' . 10* 

87-2 — — 

125 81*8 

225 29-4 

870 271 

450 25-5 

565 24-8 

790 23*0 

{ = 812 

From an examination of all the observations relating to the photo- 
chemical change, it may be inferred that dianthracene is not an 
immediate product of the light action, and Luther and Weigert 
suppose that intermediate photo-chemically sensitive substances 
are formed. If this assumption is made, then all the facts can be 
satisfactorily interpreted on the basis of one or other of the two 
following schemes, in which A = anthracene, D =^ dianthracene, 
A I = * photo-anthracene ' and Di = * photo-dianthracene '• 

(1) ^ +light -^ ^1 ; 2^1 -^ D 

slow rapid 

t 



2-71 


82-2 


3-90 


290 


507 


26-4 


5-87 


28-4 


6-45 


27-9 


711 


26-3 



sluw 



(2) ^ + light^Di; A-^^ 

instantaueous alow 

t 

slow. 
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Catalysed Beaetions. The velocities of many organic reactions 
are greatly accelerated by the addition of substances which appear 
to have no other effect than that of increasing the speed of the 
change. Acids and bases are the most generally active substances 
of this character. 

The view usually accepted in regard to such catalysed reactions 
is that the catalyst forms an addition compound with one or other 
of the original reacting substances, and that the subsequent decom- 
position of this intermediate substance liberates the catalyst and 
yields simultaneously the products of the chemical change. Evidence 
in support of this view has been obtained, not only in the case of 
the simple catalysts like the acids and bases, but also from a study of 
reactions in which enzymes play a corresponding part (Part ITT, 
chap. 65). 

In those cases in which the rdle of the catalyst consists in the 
formation of intermediate compounds, it is evident that, from 
a dynamical standpoint, we have to deal with reactions which 
occur in consecutive stages, and that the phenomena of catalysis 
will therefore be determined to some extent by the relative speeds 
of the successive changes in which the catalyst is involved. 



Inflnenoe of Solvent on Boaction Velocity. The speed of 
a given reaction not only depends on the active masses of the reacting 
substances and on the temperature, but varies in a marked manner 
with the medium in which the reacting substances are dissolved. 
This solvent influence cannot be referred to catalytic action, for in 
the case of reversible changes it has been shown that the state of 
equilibrium differs considerably according to the solvent, whereas 
a true catalyst, in consequence of the equality of its accelerating effects 
on the opposed reactions, would be without influence on the final 
condition of the system. 

In the investigations, which have had for their particular goal 
the elucidation of the influence of the medium, organic reactions 
have been almost exclusively examined. The data in the following 
table sufiBce to show that the influence of the solvent on the speed of 
chemical change is not determined by the specific character of the 
solvent, for the order of the solvents, when tabulated according to 
the velocities of one reaction, is in general quite different from the 
order obtained when a second reaction is made the basis of com- 
parison. 

Under I are given the relative velocities for the reaction between 
triethylamine and ethyl iodide at 100%^ under II cori'esx>ouding 

1 Menachutldn, ZHt.physik, Chem., 1890, e, 41. 
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numbers for the inversion of menthone at 20°,^ and under III the 
values for the conversion of the 5^n-form of anisaldozime into the 
a««-form at 26^.« 



SolxmiL 


J. 


11. 


TIL 


Methyl alcohol 


2-87 


100 


2-07 


Ethyl alcohol 


203 


2-60 


1*86 


iBobutyl alcohol 


1-43 


4-64 


0-9« 


AUyl alcohol 


2-40 


0-63 


1*66 


Benzyl alcohol 


7-42 


0-37 


814 


Benzene 


0*88 


— 


318 


Xylene 


016 


_— 


2-34 


Hezane 


001 


...^ 


.... 



That the influence of the solvent on the speed varies very con- 
siderably according to the nature of the reaction is also shown by 
a comparison of the quantities of the two sets of products, which are 
formed when two concurrent reactions give rise to the formation of 
isomeric substances, as in the case of the action of bromine on the 
homologues of benzene. Bromination experiments have been carried 
out by Bruner and Vorbrodt,' in which the hydrocarbon was diluted 
with three times its volume of the solvent to be examined and the 
reaction mixture kept in the dark at 25^ The numbers in the 
following table, which give the fraction of the total reacting bromine 
which enters the side-chain, show clearly that the distribution of 
bromine between side-chain and nucleus is veiy largely dependent on 
the solvent, and, since this distribution is determined by the relative 
velocities of the concurrent reactions, it follows that the influence 
of the solvent on the speed varies considerably according to the 
particular chemical change, even when very similar reactions only 
are considered. 

Solvent. Toluene, Ethyl bemene. O-JTylene. p- Xylene. m-Xylene, 

0-42 



cs. 


0-851 


10 


CCL 


0-566 


— 


CHCl, 


0-355 


0-90 




0-63 


CH,.CO,H 


004 


0-27 


CeHgCN 


— 


0-22 


CeH^NO, 


0-027 


016 



0-89 


» 


0-63 


008 


0-41 


0-01 



0026 0-02 — 

It has been supposed that the velocity differences are attributable 
to differences in the ionising power of the various solvents, and in 
support of this, it has been pointed out that there is, in certain cases, 
a parallelism between the reaction velocities and dielectric constants 
of the solvent media. The view that this is the determining factor 

1 Tubandt, Annakn, 1907, 854, 259. 

* Patterson and Montgomerie, ZVans. Chenu Soc.f 1912, 101, 26. 

• Bull. Acad. Set. Cracow^ 1909, 221. 
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cannot be entertained very seriously, however, in view of the very 
different results obtained in the investigation of different reactions. 

Although in certain groups of solvents there is some evidence 
that different reactions are influenced in a uniform manner by 
the solvent, yet, on the whole, the relationships appear to be so 
erratic that it seems quite plausible to suppose that the differences 
are due to the formation of more or less stable compounds between 
the reacting substances and the solvents in which they are dis- 
solved. 

According to van 't Hoff, the velocity of transformation of a sub- 
stance in different solvents is connected with the solubility of the 
substance in these media, and evidence in support of such a relation- 
ship has been recently obtained by Dimroth.^ 

Further experimental work is necessary, however, before any 
definite opinion can be expressed as to the general occurrence of such 
a relationship. 

EeterogeneoTiB Beaetions. In the foregoing consideration of 
the kinetics of chemical changes it has been assumed that the 
system, in which the reacting substances are contained, is homo- 
geneous. A brief reference may now be made to the case where the 
reacting substances are brought together in different states of 
Aggi^gation, as in the action of gases on liquids, of liquids on solids 
or other liquids, &c. In general, such heterogeneous reactions involve 
a succession of changes, each of which is associated with a time factor, 
as in the case of the homogeneous consecutive reactions already 
considered. 

In the interaction between liquids and gases or solids, the actual 
chemical process occurs in the liquid phase, and the chemical change 
is therefore preceded by a physical process, viz. the dissolution of the 
gas or solid in the liquid. 

The rate at which the final products are formed, as represented 
by a velocity-time curve, will therefore depend on the relative 
speeds of the consecutive physical and chemical changes. If the 
chemical reaction is of high speed, the rate of progress of the change 
will be determined by the velocity of the dissolution. On the other 
hand, if the chemical change is relatively slow, and arrangements 
are made whereby the gas or finely divided solid is maintained in 
efficient contact with the liquid, e. g. by a suitable shaking apparatus, 
the liquid will remain in a condition of saturation with respect to 
the gas or solid in contact with it, and, so far as the succeeding 

» Annakn, 1910, 877, 181. 
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chemical change is concerned, the active mass of the dissolving 
substance will be constant. Where the dissolving substance is a gas, 
it is presumed that the gas pressure is constant, as would be the case 
if the gas were bubbled in a steady stream through the liquid. 
Under these circumstances the ^ order ' of the chemical change will 
be the determining fisuitor so far as the form of the velocity-time curve 
is concerned. 

Comparatively few organic reactions of the heterogeneous type 
have been investigated dynamically, but the oxidation of the gaseous 
hydrocarbons by a solution of potassium permanganate^ affords 
a simple example. In the table below are given data obtained in an 
experiment in which methane was violently agitated with excess of 
a five per cent, solution of E[Mn04. 

Period of (igitation. Volume of methane. Volume change, 

6 180 — 

10 12-7 0-8 

16 12-4 0*8 

20 12-1 0-8 

26 n-7 0-4 

80 11-4 0-8 

The rate of oxidation is, according to these numbers, constant, and 
the observed rate of change is probably detexmined by the velocity 
of the chemical oxidation process, the solution being maintained in 
a saturated condition by reason of the intimate contact between 
the gas and the solution and the consequent rapid rate at which the 
gas dissolves. 

In gas reactions, where the nature and extent of the surface of 
solids in contact with the reacting gases have been shown to have 
a large influence on the velocity of the combustion or other chemical 
change, it is probable that successive processes, which may be 
grouped under the head of heterogeneous reactions, are frequently 
involved. 
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CHAPTER V 

ABNOBMAL REACTIONS 

Stario HIndnnoe. From time to time curious irregularities have 
been observed in the progress of certain tjrpical reactions. These 
isolated and scattered examples have now been correlated and traced 
to one fundamental cause, that of steric hindrance. The term is 
intended to denote the influence exerted on a reacting group by the 
spatial disposition of neighbouring atoms. The choice of such a 
term is unfortunate since it connotes a theory which, though appli- 
cable as an explanation of some of the abnormal reactions considered 
in this chapter, is by no means the only uuderlying cause and 
possibly in some cases not the cause at all. 

As far back as 1872 Hofmann found that dimethylxylidine 
(CH3)2CeH3N(CH3)a , dimethylmesidine (CH3)3CeH2N(CH3)j , and 
pentamethylaminobenzene (CH3)5Ce.NH2 give little or no quaternary 
ammonium compounds when heated with methyl iodide to 150°, 
and concluded that ' this inability to unite with methyl iodide must 
depend upon some kind of molecular arrangement'.^ In 1883 Mers 
and Weith' found that perchloro- and perbromo-benzonitrile and hesa* 
chloro-a*naphthonitrile cannot be hydrolysed by the usual reagents, 
and in the following year Hofmann made the same observation in 
regard to tetramethyl- and pentamethyl-benzonitrile. 

CN CN 

CHj CHg/^CHa 

^sL ^/CHj CH3I JCH3 

CH3 

During the years 1891 and 1892, in a. more extended investigation, 
Glaus and his pupils showed that resistance to hydrolysis is greatly 
enhanced if one, and still more, if both ortho positions to the cyanogen 
group are substituted by halogen alkyl or nitro groups.' 

In 1889 Jacobson * noticed that pentamethylbenzamide 

Ce(CH3)5CONHa 

(obtained by the action of aluminium chloride on a mixture 
of chloroformamide and pentamethylbenzene) completely resists 

» Ber., 1872. 6. 718, 718; 1875, 8, 61. " Ber„ 1888, 16, 2886, 2S9i 

* Annalen, 1891, 266, 878 ; 266, 225 ; 1892, 268, 212 et seq. 
« Bn-., 1889, 22, 1219. 
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hydrolysis, and Glaus ^ again pointed out that, like the nitriles, many 
diortho-substituted derivatives of j7-toluylamide exhibit unusual 
stability. 



Br 



NO, 

CO.NH, 



NO, 



CHs/" \C0 . 



NH, 



o-Nitro-o-bromo-f-toluylamide. 



NO, 

o-Dinitro-p-toluylamide. 



CH 



Br 

<(3co. 

Br 



NR 



o-Dibromo-ji-toluylamide. 

Since then the conditions which determine the hydrolysis of cyanides 
and amides have been made the subject of more careful study by 
Sudborough and by Remsen and Reid, and will be referred to again 
(p. 845). In 1890 Pinner ' observed similar anomalies in the prepara- 
tion of imino-ethers from nitriles by the action of alcohol and hydro- 
chloric acid, which usually takes place according to the equation : 



E.CN + C,H«0H + HC1-K.CC . HCl 

\0C,H, 



'2**6' 



'*"» 



Certain ortho-substituted nitrilea refused to react. Neither o-tola> 
nitrile, 2'4 dimethylbenzonitrile, nor a-naphthoic nitrile (which may 
be regarded as an ortho-substituted compound) give imino ethers, 
whereas /3-naphthoic nitrile enters readily into the reaction. 

CN 



\/\y w 

o-Naphthoic nitrile. i9-Naphihoic nitrile. 

Andy again, both cyanogen groups in isophthalic and terephthalic 
nitrile readily react, whereas in homophthalic nitrile only one cya- 
nogen gi'oup forms an imino ether. 

CHg/\cN 

JcN 

Homophthalic nitrile. 

' Annalen, 1891, 265, 864 ; 266, 228 ; 1892, 269, 208. 
' Ber., 1890, 28, 2917. 
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Another series of observations belonging to the same class of pheno- 
mena was the subject of a careful study by Kehrmann \ who found 
that ortho substitution in the quinones retards or inhibits the forma^ 
tion of oximes. Quinone gives a dioxime, m-dichloroquinone yields 
a monoxime, and chloraml gives none. 



C:NOH 



V 



:NOH 

Qainonedioxime. 



CO 

ci/\ci 

\/ 

C:NOH 

m-Dichloroqui noneoxime. 



CO 

ci/\ci 
civ Jci 

Chloranil. 



In the case of mono-substituted quinones, such as monochloroquinone 
and toluquinone, the oxygen which has no ortho substituent is first 
replaced by the oxime group before the second oxygen reacts. 





Aci 

ii 
NOH 



O 



A. 



Ha 



NOH 



In the case of para-disubstituted quinones containing a halogen and 
a methyl group, the oxime group replaces oxygen in the ortho posi- 
tion to the alkyl group. Where two alkyls are present oxygen is 
first replaced in the ortho position to the smaller group. Examples 
of this are afforded by |>-chlorotoluquinone and thymoquinone. 



Clr 



O 

A 



CgH, 



O 

I" 



NOH 



NOH 



Kehrmann concluded that it is less the nature of the substituenta 
(halogen or alkyl) than their presence in the ortho position to the 
quinone oxygen which interferes with the reaction. 

Similar irregularities have frequently been observed in the forma- 



> Ser., 1888, 21, 8816 ; 1890, 28, 8667 ; J. prakL Chem,, 1889 {2\ 40, 267; 1890 
(2), 42, 184 ; see also Nietzki and Schneider, Per., 1894, 27, 1481. 
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tioD of oximes from aromatic ketones. Neither phenylmesitylketone, 
xylyl-o-tolylketone nor benzpinacoline react with hydroxylamine.* 






CHsV^ JCH.^ 



CH 



3 



\/ 



V^ 



!H 



3 



CO 



CO 



/\ 



Y 

CO 



i 



H, 



Phenylmesityl- 
ketone. 



AOH, 



Zyly 1-0- tolylketone. 



C(0,H,), 

Benzpina- 
coline. 



Many examples of the same kind have been recently brought to 
light by Baum and Y. Meyer.' It should, however, be pointed out 
that the nature of the second radical attached to the ketone group 
also influences the result, for both mesityl aldehyde and meaityl- 
glyozylio ester readily form oximes. 



CHs 
/\ 



CHX JCH3 
CHO 

Mesityl aldehyde. 




ICH 



3 



. cooan 



2^5 



Meflitylglyozylio ester. 



From the close analogy existing in structure and mode of formation 
between the hydrazones and oximes, similar results might be looked 
for in the action of phenylhydrazine, an anticipation which experi- 
ence has fully justified. The presence of ortho substituents retard 
or prevent the reaction in precisely the same way. On the other 
hand mesitylglyoxylic acid, and especially its dinitro derivative, 
unite with this reagent.' 

A further example of interference is afiforded by the well-known 
reaction between aromatic aldehydes and primary aromatic amines, 
which give rise to benzalanilines. Hantzsch found that the reaction 
does not occur with symmetrical tribromo- and trinitro-aniline.^ 

> Hantzsch, Ber., 1890, 28, 2778 ; Smith, Ber,, 1891, 24, 4050 ; Beckmann and 
Wegerhoff, Annalefit 1889, 262, 14 ; Harries and Hiibner, Anndteti, 1897, 286, 801. 
« B«r., 1896, 28, 8207 ; 1896, 29, 836, 2564. 
' ArmaUn, 1891, 264, 144. * B«r., 1890, 28, 2776. 
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Furthermore, the formation of hydrazones of benzaldehyde with 
ortho-substituted hydrazines, such as o-hydrazinebenzoic acid, 

CeH4(C00H)NHNH, 

is prevented, whilst the corresponding meta-compound readily com- 
bines. 

Victor Meyer's Ssterification Law. The majority of the fore- 
going isolated examples of abnormal reactions were known when, 
in 1894, y. Meyer drew attention to a very remarkable case of inters 
ference in the formation of esters, which has found expression in 
his esterification law. 

In attempting to prepare the methyl ester of mesitylene carboxylic 
acid by the action of hydrochloric acid on a mixture of alcohol and 
acid in the cold, no ester was formed, although the same process 
produced a nearly theoretical yield in the case of benzoic and its 
monomethyl, 3 : 5-dimethyl (mesitylenic acid) and 3:4: 6-trimethyl 
(durylic acid) derivatives.^ This did not arise from any inability 
on the part of mesitylene carboxylic acid to form an ester, for it was 
readily obtained from the silver salt by the action of the alkyl iodide. 
This observation was followed by the discovery that durene carboxylic, 
isodurene carboxylic, and pentamethyl benzoic acid, all of which 
contain methyl groups in both ortho positions to the carboxyl, share 
the property with mesitylene carboxylic acid in yielding no ester with 
hydrochloric acid in the cold. 

COOH 



COOH 

ch/\ch. 




CH 



3^ 



COOH 
CH/^H, 



Durene 
carboxylic acid. 



OH, 

Isodurene 
carboxylic acid. 



1 L 

CH.3V. JCHj 
CH, 

Pentamethyl 
benzoic acid. 



The same thing was found to occur with diortho-substituted chloro-, 
bromo-, and nitro-benzoic acids, which formed no ester, whilst 
similar compounds with at least one free ortho position yielded the 
ester without difficulty. 

That the inactivity of the ortho-substituted acids arises from the 
position occupied by the groups rather than from their chemical 
nature, is evident from the similar effect produced by both positiye 



1 Ber., 1894, 27, 610, 1580 ; 1895, 28, 1255, 2774, 8197 ; see alio Gattannana, 
Ber., 1899, 82, 1117. 
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alkyl and negatiye halogens and nitro groups. That the interference 
is further determined hy steric conditions seems probahle from the 
behaviour of both mesityl acetic and mesityl glyoxylic acid (in which 
the carboxyl is removed from the proximity of the two methyl 
groups), for, unlike mesityl carboxylic acid, they readily yield esters. 

COOH 




CH 



L 

rK 



3 



CH3 

These preliminary observations led Y. Meyer and his pupils to 
a more elaborate quantitative examination of the phenomenon. In 
estimating the amount of ester formed at a given temperature they 
adopted the method of Fischer and Speier, which consists in heat- 
ing a 1 per cent, solution of the acid in methyl alcohol containing 
2 per cent, of hydrogen chloride for two hours in a thermostat In this 
way it became possible to determine the relative rate of esterification 
in cases where the process was not prevented, but merely retarded. 

Eellas ^ estimated the relative quantity of ester of ortho-, meta-, 
and para-isomers of mono-substituted benzoic acids formed at dififerent 
temperatures, and although he found the rate of esterification to 
increase with rise of temperature, the ortho compound always yielded 
the smallest amount of ester. The following examples, which repre- 
sent the percentage of acid esterified in two hours at 51^, illustrate 
the point in question : 





CH, 


CI 


Br 


I 


NO, 


0. 


48.8 


50.9 


48*4 


20.5 


8.6 


m. 


77.1 


72.0 


66.6 


67.6 


671 


p. 


76.6 


706 


610 


629 


67.1 






Benzoic acid -> 82.6. 







The results agree with the velocity constants (K) of esterification 
which were ascertained by Goldschmidt.' The reaction between 
add and alcohol is bimolecular, but if the quantity of alcohol is 
large in proportion to the acid, the former may be regarded as con* 
stant in quantity, whilst the influence of the small amount of hydro- 
chloric acid (2 per cent.), which acts the part of a catal3rst, is too 
insignificant to be regarded. The reaction, therefore, resolves itself 

> Znt, phy8. Ckem., 1897, 24, 221. > Ber., 1896, 28, 821& 
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into a unimolecular one, and the velocity constant maybe determined 
from the usual equation for a unimolecular non-reversible reaction, 

1 ^ 

* - 7 log 



t ^ a — X 

in which It is the velocity constant, t the time, a the concentration 
of the acid at the beginning, and x the amount of ester formed in 
time t. By heating at constant temperature and withdrawing a por- 
tion of the mixture at intervals, the quantity of ester formed can be 
rapidly estimated by titrating the free acid. The following are some 
of the numbers obtained for k : 





CH, 


Br 


NO, 


0. 


0.0111 


00208 


0.0028 


m. 


0.0470 


00558 


00296 


p. 


0.0241 


0.0450 


0.0261 




BeDzoic acid « 0.042& 





Attention is drawn to the fact that in both series of determinations 
the effects of meta- and para-substitution are not equivalent, and the 
greater esterification values in the case of the meta-compounds points 
to the existence of other factors in the phenomenon of interference 
which cannot be disregarded in seeking for a complete explanation. 
The relative amount of esterification of different diortho acids has 
also been the subject of a careful study by Y. Meyer. ^ He found, 
for example, that no esterification took place in twelve hours 
at 0^ or by Fischer and Speier^s method in the case of thymotic, 
o-phenylsalicylic» mesitylene carboxylic, and other diortho acids in 
which both ortho hydrogen atoms are replaced by hydroxyl or methyl 
groups ; but that if hydrochloric acid gas is passed into the boiling 
alcoholic solution for several hours, the following percentage of ester 
was formed, 

Thymotio aoid 28-8 

o-Phenylsalioylio ,, 76.5 

Mesitylene oarboxylio „ 644S 

Pentamethyl benzoic „ 70 

Durene oarboxylio „ 60 

whereas symmetrical trichloro-, tribromo-, trinitro-, and 2 : 6-dibromo- 
benzoic acids under similar conditions remained unchanged. Van 
Loon and Y. Meyer ' have also shown that 2-fluoro-6-nitrobenzoic acid 
gives 2 per cent, of ester on standing for twelve hours at 0^, that 
is, under conditions which in the case of benzoic acid yield 97 per 
cent, of ester, whilst Y. Meyer found that even the ortho hydrogen 
atoms in benzoic acid diminish the amount of ester, inasmuch as 

1 Bv., 1895, 28, 1254.  JBtr., 1896, 28, 889. 
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phenylacetic acid is more rapidly esterified than benzoic acid. It 
would, therefore, appear that whilst hydrogen, fluorine, hydrozyl, and 
methyl retard esteriiication, to a greater or less extent, it is only 
completely arrested by chlorine, bromine, iodine, and nitro groups, 
y. Meyer draws the conclusion that the atomic weights or size of the 
groups which prevent esteriiication in the hot liquid are much larger 
than those which only produce this effect in the cold.^ 



Beiafd. 




U- 1 


CI- 864 


CH, = 15 


NO,- 46 


OH -17 


Br- 80 


F- 19 


1-127 



This view cannot be strictly maintained ; for it has been shown 
that little, if any, difference is effected by substituting a larger alkyl 
radical for methyl, and moreover there is little doubt that in spite of 
its comparatively small atomic weight, the nitro group has a much 
more powerful effect than the other three halogens of the second 
column in preventing esterification.' 

A further interesting observation on the rate of esterification is the 
effect produced by an adjoining nucleus. From the fact that both 
/^-chloro- and j8-hydroxy-a-naphthoic acid cannot be esterified in the 
cold, 

COOH COOH 

/\^C1 /\/\0H 



W 



\y\y 



whereas ^-chloro- and yS-hjdroxy-^S-naphthoic acid behave like 
benzoic acid, 




COOH 



/^\y\ 



COOH 



it follows that the CH group of the adjoining nucleus behaves like 
an ortho substituent' 

The effect of ortho carboxyl groups on the rate of esterification 
appears from the behaviour of the polycarboxylic acids to resemble 



* Ber., 1895, 28, 1260. * Kellas, Zeit. phys, Chem., 1897, 24, 221. 

» Ber., 1895, 28, 1254. 
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generally that of the other groups.' Whilst trimesic and pyromelliiic 
acid give a nearly quaatitatlTe yield of neutral ester in the cold, 

COOH 



HOO 



COOHj^VlOOH 
■COOH COOH'>,JcOOH 

Trimesio acid. Pyromellitic acid, 

hemimellitic and prehnitic acid give a dimethyl ester. 



<v 



COOCH3 

/\C00H 



\/ 



•OOOCH, 



Hemimellitio eater. 



COOCH3 
/\C00H 

V JoOOH 
OOOOH3 

Prehnitio ester. 



In boiling alcohol, however, prehnitic acid gives a neutral ester. 



The following two dibasic acids give respectively neutral and acid 
esters:* 

CH3 COOH 

CaOOc/^COOCH, CH,-/^H, 



CH3 

Neutral ester. 



/\c] 



C000H3 

Acid eater. 



8-Nitro- and 4 : &Klinitrophthalic acids yield chiefly monoalkyl esters, 



/NcOOCHa 

I JcOOH 

NOa 

3-Nitrophthalic ester. 



/NCOOH 




4 :6-Dlnitrophthalie ester. 



whilst 3 : 6-dinitrophthalic acid, the tetrahalogen derivatives of teie- 
phthalic and isophthalio acid and also mellitic acid form no ester 
ataU.' 

» Ber., 189i, 27, 1580. 

' Jannanch and V^eiler, Ber., 1895, 28, 5Sle 

> Bar., 1894, 27, 8146 ; 1895, 28, 3197. 
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NO 



•COOH 



COOH COOH 

X' 'X Xl^ JOOOH 
COOH X 

8 : C-Dinitrophthalic Tetrahalogen (X) derivatiyes 
aoid. of terephthalic and iaopLthalio 

acid. 



a 

NO. 



OOH 



COOH 
HOOC/^^COOH 

K7v JcOOH 
COOH 

Mellitic acid. 



H00( 



On the other hand, the tetrahalogen derivatives of phthalic acid 
and 8 : 6-dichlorophthalic acid, as well as 8 : 6-dichloro-2-l)enzoyl- 
benzoic aoid and tetrachloro-2-benzoylbenzoic acid ^ do not obey the 
esterification law, inasmuch as they form monoalkyl esters. Another 
exception is the 8-nitrophthalic acid, which, according to Marckwald 
and McKenzie,' forms with amyl alcohol a little a-monoamyl ester 
in addition to the )9-compound, but if the anhydride of the acid is 
heated with the alcohol, it is the a-ester which is formed. This 
is true of a large number of alcohols,' and has received no 
explanation. 

NOa NOj 

/\C00H /\.COOE 



\/ 



COOR 



/3-68ter. 



vJcOOH 

a-ester. 



Also hemipinic acid, which forms an acid ester in the first instance, 

OCH3 
/\|0CH3 

IJcOOH 
COOCH3 

Hemipinio monomethyl ester. 

can be converted by prolonged esterification into the neutral com- 
pound.^ 

Among the hydroaromatic acids it is a significant fact that 
whereas hydromellitic acid forms no ester, the stereoisomeric iao- 
hydromellitic acid forms a monoalkyl ester, the difference being no 
doubt due to a difference in the space configuration of the carboxyl 



1 Graebe, Ber., 1900, 33, 2026. * Ber., 1901, 84, 486. 

' McKenzie, Trans. Chem. Soe.y 1901,79, 1135; Cohen, Woodro£fe and AndersoTi, 
Traru. Ckem, Soc 
« Wegsoheider, IfonotsA., 1896, 16, 187. 

z2 
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groups round the ring. One may suppose that, in the first case, the 
carboxyl groups are all on the same side of the molecule and, in the 
second, that one group is reversed (Pai*t II, p. 260). 

We may conclude then that the carboxyl or carbalkoxyl group, in 
spite of its atomic weight, resembles the members of the alkyl and 
hydroxyl series, rather than those of higher atomic weight, seeing 
that its effect is to retard rather than prevent esterification. 

From the results of the above investigation Y. Meyer formulated 
the following law : ' When the hydrogen atoms in the two ortho 
positions to the carboxyl in a substituted benzoic acid are replaced 
by radicals, such as Q, Br, NOg, CH3, GOOH, an acid results 
which can only be esterified with difficulty or not at all.' 

Although the facts ascertained by Y. Meyer and his pupils appear 
to accord very well with the theory of steric hindrance^ it must be 
remembered that the ester law is only applicable to a particular set 
of conditions in which a catalyst in the form of hydrogen chloride 
is used and that the mechanism of the process is still obscure. 
Rosanoff and Prager^ have examined the formation of esters of 
substituted benzoic acids by heating the acid and alcohol together 
without the addition of a mineral acid and, contrary to Meyer's 
experience, they find that 'aromatic acids with one or both ortho 
positions occupied combine with alcohols more slowly although to 
no less extent than acids otherwise constituted '• Similar results 
have been obtained by Michael.' 

It is a significant fact, already mentioned, that whereas 8-nitro- 
phthalic acid when esterified with a catalyst yields mainly the 
a-ester, the anhydride when heated with an alcohol gives mainly the 

The Ssterification Law applied to Fattj ▲eids. The interest- 
ing results which have been derived from the study of the aromatic 
acids suggested a similar behaviour on the part of substituted &tty 
acids which possess a structure analogous to the diortho compounds 
of the aromatic series. 

COOH 

I 
C 

xc/\cx 



HO 



CH 



"CH 



COOH 




COOH 


1 

c 


or, 


A 


xc^Ndx 




xA^x 



1 Joum. Amer, Cktm, ;So<;., 1908, 80, 1895. 
s Bw,, 1909, 42, SIO, 817. 
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In other words, it seemed not unlikely that di- and tri-substituted 
acetic acids would be influenced by the esterification law. Men- 
schutkin in 1879 ^ showed that the rate of esterification of the mono-, 
di-, and tri-methyl acetic acids rapidly decreases in the order given 
when alcohol and acid are heated together in the absence of 
hydrogen chloride (autocatalysis ')• Lichty,' using the same method, 
found that the increase in the number of chlorine atoms facilitated 
esterification. The subject has received a much more thorough 
treatment at the hands of Sudborough and his colleagues,^ who have 
determined, by the method employed by Goldschmidt, the esterifica- 
tion constants (p. 885) of a long series of substituted acetic acids in 
presence of hydrochloric acid. The following are the results obtained, 
in which E stands for the esterification constant for ethyl alcohol at 
14*5^ and E for the dissociation constant determined by Ostwald and 
others. 



Acid. 


Formula. 


£. 


K. 


Acetic 


CH,.COOH 


8.661 


0.00180 


Propionic 


CH,Me.COOH 


8.049 


0.00184 


Monochloraoetio 


CH,C1.C00H 


2.482 


0.155 


Phenylaoetio 


CHaPh.COOH 


2.068 


— 


Bromacetio 


CHjBr.COOU 


1.994 


0.188 


lodacetic 


CHjI.COOH 


1.718 


0.075 


Isobutyrio 


CHMe,.COOH 


1.0196 


0.00144 


Trimetbylacetic 


CMe..COOH 


0.09C9 


0.000978 


Dichloracetic 


CHCIfCOOH 


0640 


5.14 


Diphenylacetic 


CHPh,.COOH 


0.05586 


^— 


Dibromacetic 


CHBr.COOH 


0.0610 


— . 


Trichloracetic 


CCIs-COOH 


0.0872 


121.0 


o-Bromiaobutyric 


CMe,Br.CO0H 


0.0856 


— 


oo-Dibromopropionic 


CMeBr.OOOH 


0.0242 


8.8 


Tribr macetic 


CBr8.C00H 


0.01845 


— 



The experimental evidence clearly indicates that the rate of 
esterification is retarded in proportion to the number and size of 
the atoms or groups introduced into the acetic acid molecule, and 
is independent of the strength of the acid as determined by its 
dissociation constant. The divergence from Lichty's results, who 
found that esterification increased with the strength of the acid, may be 
due, as in the case of the aromatic acids, to the presence of a catalyst 
Similar influences therefore affect the esterification of both fatty and 
aromatic acids. Other contributions to the subject of esterification 

^ Atmalm, 1879, 186, 884 ; 187, 198. 

' It also falls off with the greater complexity of the alcohol, the tertiary alcohols 
c^imbining less readily than the secondary, and the latter less than the primary. 
' Amer. Cktm. J., 1895, 17, 27 ; 1896, 18, 590. 
« Trans. Ck$m, Soc, 1899, 75, 467 ; see also Qyr, Ber., 1908, 41, 4808. 
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have only served to demonstrate the steric effects which underlie the 
process. One investigation by Sudborough and Lloyd has reference 
to unsaturated acids of the acrylic series, of the formuhi CHX : GY. 
COOH and CXT : CZ . COOH,' all of which can exist in cis and trans 
configurations (Part II, chap. iv). ds acids of both the above 
formulae are difficult to esterify by Fischer and Speier^s method, 
whilst the corresponding trans acids are readily converted into 
esters. Sudborough and Roberts also found that saturated acids are 
much more readily esterified than the corresponding unsaturated 
acids.^ 

A paper ' by Bone, Sudborough, and Sprangling on the esterifica- 
tion of the mono-esters of the methyl succinic acids ' affords another 
example of the retardation induced by the successive introduction of 
methyl groups'. Also, Blaise* has shown that in o^-dimethylsuc- 
cinic acid the tertiary carboxyl is more difficult to esterify than the 
primary group. 

The same thing occurs with camphoric and homocamphoric add in 
which the tertiary carboxyl remains almost completely unesterified.' 

CHa— CCCHa) . COOH CHg—qCHa) . COOH 

qCHj), 
CHa— CH . COOR CHg-CH . CH, . COOR 

Camphoric ester. Homocamphoric esler. 

From what has been already stated of the absence of any relation 
between the dissociation constants and rate of esterification (p. 341), 
it is clear that the process is not determined by the presence of free 
ions, and there are many other facts which point in the same diree^ 
tion. The explanation suggested by Wegscheider * assumes that the 
ester formation is preceded by the addition of a molecule of alcohol 
and acid, 

.0 yOR, 

R.Cr +HORi«R.Cf-OH 
\0H \0H 

from which water is then removed. 

/ORi yORi 

R.C^OH +R.C< +H2O 

VOH \) 

* Trans. Chem. Soc, 1898, 78, 81. * Traru. Ckem. Soe.y 1905, 87, 1840. 
s Trans. Chrm, SoCj 1904, 87, 684. * Compt. rmtL, 1898, 126, 758. 

* Haller, Qmpt, rend., 1889, 108, 68, 112 ; 1892, 114, 1616. 

* Monatsh,, 1895, 16, 148. 
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This view finds some confimxation in the fact that whikt benzoic 
ester forms an additive compound with sodium methoxide, mesity- 
lene carboxylic ester does not. 

It is easy to conceive that the presence of large groups or atoms 
in the neighbourhood of the carboxyl of the acid molecule would 
interfere with the interaction of the alcohol molecule by preventing 
the formation of the additive compound. 

An apparent contradiction of this view is the formation of acetals 
(by the action of aldehydes on alcohols in presence of hydrochloric 
acid) which was studied by E. Fischer and Giebe/ 

CeHg. CHO + 2CH3OH = C6H5CH(OCH3)2 + H20 

for ortho-substituted aldehydes like 2 : 5-dichloro- and 2-nitro-8:6- 
dichloro-benzaldehyde react more readily than the unsubstituted 
compound itself; but this may be merely an example ot steric 
hindrance neutralized by the specific efi'ect of acidic groups, which, 
like nitro groups in the hydrolysis of esters (see below), and of ortho- 
substituted cyanides (p. 845) ; in the reduction of nitro compounds 
(p. 850) and in the formation of hydrazones, assist the reaction. 

# 

Eydrolytds of Sstem. If the esterification law is based on steric 
hindrance, similar influences might be expected to underlie the rate 
of ester hydrolysis. Such indeed is the case, although there are 
notable differences in the character of ester formation and hydrolysis, 
to which attention will be drawn. The rate of hydrolysis of mono- 
substituted benzoic esters was examined first by Y. Meyer' and then 
more thoroughly by Kellas,' who found that substitution m the 
ortho position hinders the process more than in the meta- or para- 
position; but whilst methyl in the two latter positions retarded 
hydrolysis as compared with benzoic ester, the presence of the halogens 
and still more of the nitro group increased it, so that the absolute 
rate of hydrolysis of both the mono-halogen and mono-nitro sub- 
stituted benzoic esters is in many cases greater than that of benzoic 
e^ter itself. But as a rule the general effects of ester hydrolysis run 
parallel with those of esterification, and in most cases the esterifica- 
tion law enables us to predict the result. 

Thus the ortlio-substituted esters of a-naphthoic acid are more 
difficult to hydrolyse than those of the )9-compound ; in the mono- 
halogen or mono-nitroterephthalic esters the ester group in the meta 
position to the substituent is first attacked ; the same happens with 

^ Ber., 1898y 81, 545. « Ber., 1895, 28, 188. 

* ZeiL phys. Chem,, 1897, 24, 248. 
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the nitrophthalio esters, in which hydrol3nns of the ester group 
farthest from the nitro group takes precedence. An explanation such 
as V. Meyer applied to esterification may be repeated here, for the 
molecule of alkali may form an additive compound with the ester 
previous to the rupture of the alcohol molecule. 

In regard to the aliphatic acids Beicher ^ found that the esters of 
substituted acetic acids and secondary and tertiary alcohols are more 
difScult to hydrolyse than those of normal acids and alcohols. 
Sudborough and Feilmann,' from a careful investigation of ester 
hydrolysis, concluded that two factors were concerned in the process, 
namely, the configuration of the acid as determined by the proximity 
of radicals to the carboxyl group and the strength of the acid, and 
that these two factors may be opposed so that if one is more 
prominent the effect of the other is concealed. 



Eydrolysis of Amides aAd Acyl Chlorides. The steric influences 
which retard hydrolysis appear to underlie the formation or non- 
formation of amides when ammonia acts on esters, and the same 
phenomenon has been observed in the hydrolysis of ortho«substituted 
acid chlorides, cyanides, and amides, as well as in the action of 
alcohols on acid chloridea Fischer and Dilthey studied the first 
reaction in the case of the series of alkyl malonic esters,' whilst 
V. Meyer,* Sudborough and his collaborators, and also Glaus investi- 
gated the hydrolysis of acid chlorides, amides, and cyanides of the 
benzene series. Fischer and Dilthey foimd that not only did the 
presence of dialkyl groups in malonic ester retard the formation of 
amides, but that diethyl and dipropylmalonamide were more slowly 
hydrolysed than the parent substance." They explain the inactivity 
of the dialkyl malonic esters on the ground that unlike the monoalkyl 
derivatives they cannot assume the active tautomeric form repre- 
sented thus : 

CO.OC2H5 

\ONH4 

From a study of the acid chlorides Sudborough * concludes that 
those, in which either of the ortho positions are substituted, are 

1 AnnaUn, 1885, 228, 257 ; 1886, 232, 103 ; 1887, 238, 276. 

2 Proc Chan. SoCy 1897, 13, 241. « Ber„ 1902, 35, 844. 

* Ber., 1894, 27, 8158. » i^., 1902, 35, 852. 

< Trans. Chem, Soc, 1895, 07, 601. 
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readily decomposed by dilute alkalis, whereas those which have 
a bromine atom in one ortho position are relatively more stable, but 
where both ortho positions are occupied by bromine atoms the com- 
pounds are remarkably stable and are only converted into the corre- 
sponding sodium salts of the acids by long-continued boiling with an 
alkali solution. 

It has already been mentioned that Glaus and his pupils in 1891 
and 1892 observed the difficulty with which ortho-substituted benz- 
amides undergo hydrolysis. The subject attracted fresh interest 
after the discovery of the ' esterification law', and Sudborough, in 
conjunction with Jackson and Lloyd,^ submitted the process to a 
more searching examination* The hydrolysis was efifected with 80, 
50, or 75 per cent, sulphuric acid at 160°, or at the boiling-point, and 
a comparison made of -^.he quantities of acid formed in a given time. 
The results conclusively showed that ortho-substituted derivatives 
strongly retarded the process, so that under conditions which effected 
almost complete hydrolysis of 8 : 5 and 2 : 4-dibromobenzamide only 
II per cent, of 2 : 6-dibromo and 4-5 per cent, of 2 : 4 : 6-tribromo- 
benzamide were converted. Of the same nature are the constants 
obtained by Remsen and Raid ' of the comparative rates of hydrolysis 
of ortho-, meta-9 and para-substituted benzamides in which the re- 
tarding effect of the ort:ho substituent is very evident 

The curious observation made by Fischer' that hydroxybenzoic 
esters and amides (ortho or para) are more easily hydrolysed when 
the hydrogen of the hydroxyl group is replaced by methyl can 
scarcely be due to steric influence. 

Hydrolysis of Cyanides. That the cyanides should behave like 
amides on hydrolysis is a natural conclusion which the observations 
of Glaus and others on the hydrolysis of substituted benzonitriles, 
referred to in the earlier part of the present chapter, have served to 
confirm. The subject is reopened merely to draw attention to the 
influence of the nitro group in this reaction, for it is not a little 
aigniflcant that the presence of one, still more of two, nitro groups 
greatly &cilitates hydrolysis. Whilst great difficulty is experienced 
in hydrolysing ^m>n-trimethylbenzonitrile the mono- and diuitro- 
derivatives may be coi&pletely, though slowly, converted into acids.^ 
It is clear, therefore, that the nitro group plays a special rdle in 



^ Traru. Chem, Soc, 1895, 67, 601 ; 1897, 71, 229. 

* AfMr. Chem, J., 1899, 21, 840. 
9 Ber., 1898, 81, 8266. 

* KOster and StaUberg, Antialen, 1894, 278, 207. 
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modifying steric influences, a fact which also becomes evident in the 
rate of reduction of nitro compounds (p. 850). 

▲etion of Aloohols on Acid Chlorides. Steric influences also 
determine the union of acid chlorides with alcohols, and among the 
series of menthyl esters of disubstituted benzoyl chlorides obtained 
by the writer and his collaborators,^ it was invariably found that 
the diortho compound requires a much higher temperature and more 
prolonged heating than the other acid chlorides to effect combination 
with menthol. 



Formation of AUcylammoninm Iodides. Reference has already 
been made to Hofmann's observation that certain tertiary aromatic 
amines refuse to combine with alkyl iodide to form quaternary com- 
pounds. The subject was re-investigated by Fischer and Windaus,* 
who showed that it was clearly the effect of steric hindrance. For of 
the six isomeric xylidines, though they can be converted into tertiary 
bases by Noelting*s method (using methyl iodide and sodium carbon- 
ate), it is only the 2 : 6-compound which gives no quaternary ammo- 
nium iodide. The same is the case with the different isomeric 
bromotoluidines and bromoxylidines. Moreover, Fnedlftnder ' found 
that 2 : 6-xylidine can, with difficulty, be converted into the tertiaiy 
diethyl compound, whilst Effront* could only obtain ti'aces of the 
dimethyl tertiary base with 2-methyl-6-isobutyl toluidine and methyl 
iodide at 150^ Decker drew attention to the same phenomenon in 
connection with the o- or o-substituted quinoline% 




N 

which, like the diortho xylidines or bromotoluidines, will not combine 
with alkyl iodides. 

A reaction not very dissimilar from the above is one which was 
examined by Scholtz and Wassermann." They find that arylamines 
and ac-dibromopentane react to form derivatives of piperidine. 

XIH2 . CHjBr \Ha— dHa 

I Trans. Chem. Soc., 1906, 89, 1482. • Ber., 1900, 88, 845, 1967. 
Monatah., 1898, 19, 645. * £«r., 1884, 17, 2817. » Ber., 1907, 40, 8521 
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If, however, the amine is suhstituted in the ortho position, as in 
o-toluidine and a-naphthylamine, the reaction takes a different 
course and pentamethylene diamines are formed : 

EHN . (CHa)6 . NHR 

The Alkylation of Bases and Phenols. Decker^ found that 
ortho substituted quinolines will not combine with methyl iodide, 
but readily react with methyl sulphate. The latter process, how- 
ever, fails with a number of diortho-substituted bases. In the 
same way the meta- and para-hydroxybenzoic acids can be alkylated 
with ease by means of the dialkyl sulphates, but no reaction occurs 
with salicylic acid or with a- and )S-hydroxynaphthoic acids.' 

Acetylation of Secondary Bases. Paal and Eromschr5der ' 
have shown that not only does o-nitrobenzyl chloride react with 
difficulty to form o-nitrobenzyl-o-nitraniline when the m- and p- 
compounds readily unite, but that the product obtained is proof 
against acetylation. 



<z>-« 



Ho.NH'^ 




NO2 NO2 

o-Nitrobenzyl-o-n itraniline. 

Furthermore, of the compounds obtained by combining p-nitro- 
benzyl chloride with the three isomeric nitranilines, only the 0- 
nitraniline derivative resists the introduction of the acetyl and formyl 
group. It follows therefore that the oi-tho-nitro group of tl)e base 
controls the action, and from the fact that o-nitrobenzyl-o-anisidine 
gives a formyl derivative, it would seem that this action is deter- 
mined by the negative character of the group. 



NOj, CH3O 

o-Nitrobenzyl- o-an iaidine. 



Action of S'itrons and S'itric Add and Diaso-salts on Aromatio 
Amines. Steric hindrance also appears to modify the action of 
nitric and nitrous acid and diazo compounds on ortho-substituted 
secondary and tertiary bases. Thus dimethyl-o-toluidine and o- 
methoxy-dimethyl aniline, unlike dimethyl aniline, give no nitroso 
derivatives, although the para position is free. Similarly o-substituted 

1 Ber., 1905, 88, 1144. 

 Cohen and Dudley, Trans. Chem, Soe., 1910, 97, 1789. 

* J.jprakL Oiem., 1896, 64, 265. 



848 ABNORMAL BEACTIONS 

dialkyl or aoetalkyl anilines give meta- and not para-niiro deriva- 
tives. Diazobenzene chloride, which readily forms an amiaoaso com- 
pound with dimethyl aniline, reacts with difficulty when an ortho- 
substituted dialkyl aniline is present In these cases the ortho 
substituent is supposed to influence the initial formation of an 
additive compound which is assumed to occur between the nitrogen 
of the tertiary base and the reagent previous to substitution in the 
nucleus. 

Beaotion8 of FkenyUiydrozylamine. Bamberger showed that 
phenylhydrozylamine unites with nitrosobenzene to form azoxy 
compounds, and with diazobenzene chloride to form hydroxy diazo- 
amino benzene, 

C^HfiNHOH + NOCeHg = CgHg . N— N . CgHs + Ufi 

O 
CeHfiNHOH + CeHgNCl i N = CeHgNCOH) . N : N . CeHj + HCl 

The two reactions were examined in the case of a number of 
substituted phenylhydroxylamines containing methyl groups in the 
nucleus. It was found that where the methyl groups occupied the 
ortho position to the hydroxylamine group either the speed of 
the reaction or the amount of the product was greatly reduced.^ 
To give one example, when the unsubstituted phenylhydroxylamine 
reacts with diazobenzene chloride a 99 per cent yield of the product 
is obtained; the same reaction with mesitylhydroxylamine gives 
a 4 per cent yield. 

Action of Bensaldehydes on Aromatic Amines. The same 
explanation may serve to explain the non-formation of triphenyl- 
methane derivatives when union between aldehydes and o-substituted 
tertiary bases is attempted. The reaction, which occurs according 
to the following scheme, 

/<7~)>N(CH,), 
C,H4CH0 + 2CaHjN(CHj)2-CeH4CH +H,0 



\~y^(cn^ 



is effected by attachment of the aldehyde carbon to the para-carbon 
atom of the amine, and there is no obvious reason why ortho substi- 
tution should produce steric hindrance unless some kind of additive 
compound with the tertiary nitrogen is assumed. 

1 Bambeiiger and Rising, Annaimf 1901, 316, 257. 
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If, in place of a tertiary amine, a primary aromatic amine is sub- 
stituted, it is the m-substitution which hinders the reaction. Whilst 
o-toluidine reacts readily with |}-nitrobenzaldehyde, the tn-compound 
does so with difficulty. We must suppose here that the aldehyde 
carbon attaches itself directly to the para-carbon of the nucleus. 
That the reactions with primary and tertiary bases should a^ord so 
curious a contrast in behaviour is somewhat striking. 

Action of Aldehydes on Pyridine Bases. It is well known 
that aldehydes combine with a- and y-alkyl pyridine and quinoline 
bases. K5nigs^ found that, if formaldehyde is used, the throe 
hydrogen atoms of the methyl group may all be replaced by 
carbinol groups thus : 

MCHjOH)8 



N N 



This occurs only if the ortho position to the methyl radical is 
unsubstituted, otherwise only two carbinol groups replace the 
hydrogen and this applies to a* and y-methyl quinolines. In the 
latter case the benzene nucleus may play the part of an ortho 
substituent and resembles in this respect the effect of the nucleus 
on the esterification of a-naphthoic acid. 

Formation of Bosanilines. The difficulty of combining aldehydes 
with meta-substituted bases reappears in the formation of the rosani- 
lines, in which p-toluidine is oxidised in presence of primary aromatic 
amines, a reaction which in reality resolves itself into a combination 
of aldehyde and amine, thus : 

NHj . CeH^CHj + O^ « NH, . C^U^ . CHO + H^O 
NH, . CeH^ . CHO + 2CeH5NHj + O 

= NH..CeH4.C(0Bn~' +HoO 

In the example given, both j>-toluidine and aniline may be replaced 
by other amines ; but Noelting has shown that if, in place of aniline, 
meta-amines like tn-toluidine and symm-m-xylidine are substituted, 
the reaction does not take place. The reason from the stereochemical 

1 Ber.f 1899, 82, 228, 8599 ; 1898, 81, 2864. 
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standpoint is clear enough, when we consider that the methyl group 
in the meta position to the carbon stands in the ortho position to the 
para-carbon with which the aldehyde group always interacta The 
argument might be advanced that rosaniline derivatives, having 
meta-substituted groups are incapable of existence, but this is met 
by the fact that indirect methods have been successfully used in 
their preparation. 

Many other examples of steric hindrance might be given, but we 
shall limit ourselves to two more : the action of phosphorus penta- 
chloride on hydroxy-acids, and of ammonium sulphide on nitro 
compounds. 

Action of Fhosphonui Fentachloride on Eydrozy-aeidB. 

Anschtltz^ and his pupils have shown that the ordinary course of 
the reaction between phosphorus pentachloride and hydrozy-acids 
is usually presented by the following two equations : 

yOH /OH 

C,hZ + PCI5 = CoH,< + POCI3 + Ha 

\COOH \C0C1 

.OH yO . POCl, 

CflHZ + POCI3 = CeH,< + HCl 

^COCl \coci 

If, however, the two ortho positions to the hydroxyl are occupied as 
in o-methylsalicylio acid, the phosphorus oxychloride produces no 
change in the hydroxyl group. 



<z 



CH3 CH3 



>0H + PCI5 = <r ^OH + POCI3 + HQ 
GOOH COCl 

Seduction of S'itro Compounds. The writer, in conjunction 
with D. McGandlish, studied the action of ammonium sulphide on 
a variety of substituted nitro derivatives of benzene.' It was in- 
variably found that, although the presence of acidic groups facilitates 
reduction, the nitro group was more slowly attacked by the reducing 
agent if it occurred in the ortho position to a methyl or ester group, 
than when present in the meta or para position. 



Ghain Formation. The subject of steric hindrance would 
scarcely be complete without some reference to the enormous mass 
of detailed research which has been accumulated by Bischoff and 
his collaborators on chcdn formation or conditions affecting the 

1 Ber.f 1897, 80, 221. * 2VYin«. Chem, Soc, 1905, 87, 1257. 
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linking of simply constituted compounds. In carrying out these 
researches he has been guided by what he terms the 'dynamic 
hypothesis ' which is merely an extension of the principle of steric 
hindrance, and may be explained as foUows : as the atoms or groups 
in a molecule are assumed to be in a state of vibration or oscillation, 
a reaction will be determined by the amount of free space accorded 
to the constituent groups undergoing reaction or forming part of 
the new molecule. The interaction will then be determined not 
only by the groups adjoining the reacting constituent in each of the 
molecules, as suggested by V. Meyer, but also by the disposition of 
the groups in the resulting product. This second condition plays 
an important r6le, according to Bischoff ; for he supposes the atoms 
in a chain to assume a curved arrangement (p. 179) so that in a chain 
of 5 or 6 atoms the first and last will be in closer proximity than 
the first and third or the first and fourth of the chain. 







The groups attached to the fifth and sixth atoms of the chain, 
which are termed the critical positions, will therefore be a deter- 
mining factor equally with those attached to the reacting groups. 
As in the * esterification law ' the chemical nature of the molecules 
is not taken into account. 

We cannot pretend to review the whole of the materials ; but it 
may be pointed out that steric influences, though not always con- 
sistent with BischofiTs hypothesis, are throughout clearly in evidence 
as factors determining chemical change. A few examples must 
suffice. 

Sodium malonic ester and sodium acetoacetic ester react with 
a-bromo-fatty esters as follows : 

XIOOC2H5 CHCCOOCaHa)^ 

CHNa< + CHaBr . COOC2H5 - | + NaBr 

\COOC2H5 CHg . COOCaHj 

CH3 . C(ONa) ; CH . COOCaHg + CH^Br . COOCgHg 

-F CH3 . CO . CH . COOC2H5 + NaBr 



CHj.COOCjHg 
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In the product of the first reaction the longest uninterrupted chain 
of carbon atoms is four, in that of the second reaction, five, or, in 
other words, the second reaction involves one of the critical positions, 
which should manifest itself in a diminished yield. Again, by 
introducing alkyl groups into the reacting group of the fatty acid 
or into that of malonic and acetoacetic ester, free vibration of these 
alkyl groups would be affected and a diminished yield should again 
follow. The experimental evidence agrees substantially with the 
results anticipated by the theory. Malonic ester reacts more readily 
than acetoacetic ester or than its own alkyl or dialkyl derivatives, 
and moreover it reacts more readily with a normal than with an 
iso-bromo fatty add, and finally the two react more readily the 
shorter the carbon chain in the alkyl groups. For example, if 
sodium methyl malonic ester and a-bromo isobutyric ester are boiled 
together in alcoholic solution, the reaction proceeds abnormally in 
the following manner, in which, instead of ihe a-carbon, *C becomes 
linked to the malonic ester molecule. 

COOR *CH3 COOR 

II I 

CH3CNa + BrC . COOR - CH3 . C— CHj— CH . COOR + NaBr 

II II 

COOR CH3 COOR CH3 

In xylene solution, however, the reaction takes its normal course. 

Similar experiments have been carried out with a series of sodium 
alcoholates and substituted phenates on the one hand and a-bromo 
fatty acids on the other with much the same general result 

R . ONa + BrCHjj . COOC^Hj - R . O . CH, . COOC2H5 + NaBr 

For example, whilst sodium o-nitrophenate and a-bromopropionic 
ester combine in a normal fashion, 

NO2 yNOj 

+ CHs . CHBr . COOR « C^HZ /CH3 + NaBr 
ONa ^0 • CH 

\COOR 

no reaction occurs with a>bromo isobutyric ester. 

Another reaction of a similar nature is the union of substituted 
aromatic amines containing radicals in the nucleus as well as in the 
amino group with a-bromo fatty acids according to the equation : 

CeHfiNHg + Br . CH, . COOC^Hg « CoHiNH . CHg . COOC^H^ + HBr 

In the last three reactions Bischoff includes the oxygen and 
nitrogen atoms as part of the chain. 

In reviewing the foregoing results it must be admitted that a 



CaH/ 
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strong case has been made out for the principle of steric hindranca 
At the same time a fact, which has been frequently emphasized, must 
not be overlooked, namely, the presence of certain groups which by 
their chemical nature counteract certain expected changes. In 
illustration of this, it has been pointed out by Stewart^ that the 
formation of bisulphite compounds of ketones is determined by the 
nature of the radicals attached to the ketone group ; that whilst 
the increase in the size of the hydrocarbon radical retards, the 
presence of carboxyl facilitates bisulphite formation. 

Again, Auwers and Perkin find that, whereas methylacrylic acid 
condenses readily with sodium malonic ester, dimethylacrylic acid 
gives a very small yield, and trimethylacrylic acid refuses to react. 
This may be mei-ely a case of the positive alkyl groups affecting the 
whole character of the compound and not necessarily one of interfer- 
ence, just as the additive power of olefines for bromine is diminished 
by the attachment of negative groups, such as carboxyl, ester and 
phenyl groups, or bromine atoms to the doubly linked carbons. The 
concurrent influences of position and character of the group are not 
always easy to differentiate, but for that very reason the conclusion 
that an apparently anomalous reaction is to be placed to the account 
of steric influences should be made with caution. 

It must be confessed that we are still profoundly ignorant of the 
change which substituents effect in the character of the molecule as 
a whole, the causes which determine the rules of orientation, the 
reason why positive groups like methyl and amino groups facilitate 
nitration, sulphonation, acetylation by the Friedel-Crafts method,' 
&c, why negative groups assist hydrolysis of cyanides, reduction of 
nitro groups, acetal formation, &c., and a host of other phenomena 
of a similar nature. Until clearer views obtain on these subjects it 
can scarcely be hoped that real progress will be mdde on the nature 
of chemical change. The expression 'steric hindrance' meantime 
affords a useful if not very appropriate title for docketing a number 
of allied phenomena. 
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Abnoimal reactions, 830. 
Acceptor, 122. 

Acetals, 15 ; formation of, 848. 
Acetic acid, 2 ; esterification constant, 

841. 
Acetic ether, 6, 9, 14, 16. 
Aci'toacetic ester, properties of, 222; 

synthesis of, 220 ; formation of, 228. 
Acetosuccinic ester, 191. 
Acetyl radical, 15. 
Acetylacetone, 288. 
Aoetylcyclopropane carboxylio ao:d, 

194. 
Acetylchloranilide, 278. 
Acetylene compounds, reduction of, 

165 ; structure of, 78. 
Acetylidene compounds, 78. 
Acids, affinity constants of, 836, 841 ; 

esterification of, 841, 866; molecular 

weight of, 8; reduction of, 167; 

stnieture of, 7; synthesis of, 188, 

196, 218. 
Aconitic acid, structure of, 82. 
Acyl chlorides, action on alcohols, 

846; hydrolysis of, 844. 
Addition, 111: of bromine, 116; h}*- 

drogen, 116; hydrogen cyanide, 205 ; 

hydroxyl, 119; nitrogen tetroxide. 

119; nitrogen trioxide, 119; nitrosyl 

chloride, 119; ozone, 119. 
Addition products of, aldehydes, 128 ; 

carbon suboxide, 129 ; ethenoid 

compoundn, 118; ketones, 129; 

ketones, 128; thialdehydes, 128; 

thioketoncs, 128. 
Additive reactions. 111, 201. 
Adipic acid, 188. 
Affinity and valency, 107. 
Affinity constants of oi*ganic acids, 

886, 841. 
Affinity, primary and secondary, 104. 
Alcarsin, 18. 
Alcohol, constitution of, 2, 6, 9, 10, li, 

16, 41. 
AlcoholK, synthesis of, 188, 196, 207, 

210 ; oxidation of, 821 ; action of 

acid chlorides, 846. 
Aldehydes, formation of, 196, 212; 

reduction of, 166 
Aldol condensation, 17i, 287. 
Aldoximes, synthesis of, 189, 196. 
Aliphatic amines, 168; dlazoamino 

compounds, 215. 



Alkylammonium cyanate, transforma- 
tion of, 818. 

Alkylammonium iodides, formation of, 
846. 

Alkylation of bases, 847 ; of phenols, 
847. 

Alkylglutaconio acids, isomerism of, 
78. 

Alkyliodides, action of silver salts, 808. 

Aluminium chloride, as condensing 
agent, 195. 

Aluminium-mercury couple, 198, 199. 

Amide radical, 16. 

Amides, hydrolysis of, 8S1, 841 ; syn- 
thesis of, 214. 

Amines, synthesis of, 170. 

Amino-azobenzene, colour of, 148. 

Ammonium cyanate, transformation 
of, 295. 

Amyl alcohol, 15. 

Anhydrides, reduction of. 167. 

Anthracene, hydrides, 166, 170; poly- 
merisation of, 824. 

Aromatic acids, hydrides, 169; syn- 
thesis of, 196. 

— aldehydes, synthesis of, 196. 

— aldoximes, synthesis of, 196. 

— bases, action of nitrous and nitric 
acids, 847; of dinzo salts, 347; of 
benzaldehyde, 848; reduction of, 
168. 

— compounds, 15. 

Aromatic hydrocarbons, formation of, 
195; reduction of, 167; svnthesis 
of, 188. 

— ketones, synthesis of, 195. 

— series, sulistitution in, 149. 
Atomic number, 58, 97. 

— refractivity, 85. 

— volume, 85. 

— weights, of Berzelius, 8 ; of Dumas, 
5 ; of Gerhardt, 27. 

Atoms, molecules and equivalents of 
Laurent, 80. 

Autoxidation, 121. 

Autoxidator, 122. 

Auxiliary valency, 90. 

Azimidobenzene, 265. 

Azo colouring matters, reaction velo- 
city, 294. 

Barred atoms, 6, 48« 
Base, 2. 
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Basic water, 7. 

Basicity of acids, 28, 28. 

Beckmann's reaction, 255. 

Beer 8 law, 64. 

Benzalaoetone, 147. 

Benzalaniline, formation of, 888. 

Benzaldehjde, abnormal i^eactions of, 

848, 849. 
Benzene, 16 ; from acetylene, 201 ; 

chlorination of, 802. 
Benzoic acid, 1, 7 ; radical of, 1, 11. 
Benzoin condensation, 245. 
Benzoyl acetone, 288. 
Benzoylacetophenone, 238. 
Benzoylbenzoic acid, 197. 
Benzoyl hydroperoxide, 128. 
Benzpinacone, 24d. 
Benzyl! dene acetone, 239. 
BenzyUulphinio acid, 198. 
Binary compounds, 8L 
Bisulphite compounds of ketones, 123. 
Bivalent carbon, 65. 
Bromination, dynamics of, 827. 
Bromindoxyl, 187. 
Bromine, addition of, 116. 
Bromotripbenylmethvl chloride, 62. 
Buchner-Curtius reaction, 204. 
Butyrobutyrio ester, 225. 

Gacodyl, 12. 

Cadet's fuming liquid. 12. 

Camphoric acid, esterification of, 842. 

Camphoronic acid, synthesis, 219. 

Carbamide, decomposition, 816. 

Carbithionic acid, 214. 

Carbon, bivalent, 65 ; inertia of, 108 ; 

plasticity of, 108; tervalent, 59; 

valency of, 56. 

— bonds, equivalents of, 88. 

— suboxide, 129. 

— -nitrogen, cliain formation, 254; 
ring formation, 257, 258; stability 
of, 255 ; substitution methods, 254 ; 
additive methods, 255. 

— -oxygen, chain formation, 268 ; ring 
formation, 268. 

Carbonyl compounds, action of halo- 
gens, 818. 

Carbopyrotritaric acid, 270. 

Carbyloxime, 71* 

Catalysed reactions, dynamics of, 826. 

Catalysis, applied to ether formation, 
44. 

Catalysts, metals, 154 ; metallic oxides, 
169. 

Catalytic reactions, 162 ; condensation, 
178; halogenation, 172; oxidation, 
171 ; reduction, 162. 

Chain formation, 174 ; carbon-carbon, 
174 ; carbon-nitrogen, 254 ; carbon- 
oxygen, 268; effect of steric hin- 
drance, 850. 

Chelidonic acid, 272. 



Chemical types, 21. 

Chloral, 6, 15, 16. 

Clilorination of benzene, velocity of. 
802. 

Chloroacetanilide, 27a 

Chloroform, 6, 15. 

Chloronaphthouitrilo, hydrolysis of, 
380. 

Chloronaphthoio acid, esteriffeation 
of, 837. 

Chloroquinoneoximes, formation of, 
882. 

Chrysin, 274. 

Cinnamic acid, synthesis of, 249. 

Cinnamic aldehyde, 239. 

Cinnamyl radical, 12. 

Citric acid, synthesis of, 218. 

Ciaisen reactions, 235, 238. 

Colloidal metals, 162. 

Comanic acid, 272. 

Comenic acid, 272. 

Composite reactions, 298. 

Compound radical, 11, 18, 16. 

Concurrent reactions, 299. 

Condensation processes, 174 ; catalytic 
178 ; by addition, 201 ; external, 176; 
internal, 175; nature of, 176; by 
removal of carbon dioxide. 200 ; by 
removal of halogens, 188; by re- 
moval of hydrogen, 187; by removal 
of hydrogen chloride, 194 ; with ring 
formation, 175; by union of carbon- 
carbon, 174. 

Condensation proces^^es, acetoacetic 
ester, 220 ; aldol, 287 ; benzoin, 846 ; 
pinacone, 246; magnesium alkyl, 
208; zinc alkyl, 206. 

Condensed types, 47. 

Conjugated compounds, 26, 82. 

Conjugated double bonds, 182. 

Conjunct, 82, 86. 

Consecutive reactions, 814. 

Constitution of organic acids, 22, 35; 
of organic compounds, 86, 89. 

Contravalency, 68. 

Co-ordinate number, 92. 

Copper, condensing agent, 199. 

Copula, 82, 86. 

Copulated compounds, 87. 

Coumalinic acid, 272. 

Coumarin, 248. * 

Crossed double bonds, 187. 

Cyanacetic acid, properties of, 190, 
192 ; affinity constant, 71.- 

Cyanamide, polymerisation of, 174. 

Cyanides, structure of, 67. 

Cyannio acid, polymerisation of, 174. 

C>*anogen radical, 12. 

Cyanogen chloride, polymerisation of, 
174. 

Cyclic compounds, action of reagenit, 
181 ; evidence of, 182 ; formation of, 
178, 192, 200, 208; sUbiUty o^ 181; 
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synthesis of, 192; transformations 

of, 188. 
Cyclic ketones, synthesis of, 200. 
CyclobuUne, 182, 185, 193. 
Cyolobutanol, 184. 
Cyclobutene, 185. 
Cyclobutylamine, 184. 
Cyclobutylmethyhimine, 184. 
Cycloheptane, 188, 247. 
Cydohexadione, 185. 
Cyclohexane, 106, 169, 170, 185, 189; 

deriyatiyes of, 191, 194, 197. 
Cyclohexane carboxylic acid, 226, 227. 
Cyclohexanol, 166, 167. 
Cyelohexanone, 166. 
Cyclohexylamine, 170. 
Cyclohexylmethylamine, 184. 
Cyclo-nonane, 186. 
Cyclo-octadiene, 186. 
Cydo-octane, 186. 
Cyclo«parafBns, action of reagents, 

180; heat of combustion, 182; 

properties of, 187 ; synthesis of, 185, 

189, 200. 
Cyclopentane, 185, 200; derivatives of, 

198, 200. 
Cyclopentauol, 184. 
Cyclopentanone, 250, 258. 
Cyclopentene, derivatives of, 184, 288. 
Cyclopropane, 182, 185, 189. 
— carboxylic acids, 180, 198, 204. 
Cyclopropyl carbinol, 184. 

Behydracetic acid, 278. 

Dehydration, 170. 

Behydrogenation, 169. 

Diacetosuccinio ester, 191. 

Dialkylmalonic esters, action of am- 
monia, 344. 

Diazoamino-com pounds, conversion. 
286; synthesis, 215. 

Dlazo-compounds, action on aromatic 
amines, 347 ; on phenyl hydroxy! - 
amine, 848; velocity of decomposi- 
tion, 298. 

Diazoles, 258. 

Diazomethane, synthetic use, 204. 

Dibasic acids, synthesis, 188; elec- 
trolysis, 200. 

Dibenzalacetone, 289. 

Dibenzylidene acetone, 230. 

Dicydohexylamine, 168. 

Dihydrocamphene, 166. 

Dihydrocarveol, 167. 

Dihydroreeorcinol, 226. 

Dihydroxyterephthalic ester, 225. 

Diisobutylene, 187. 

Diketoapocamphoric acid, 227. 

Diketocyclopentane dlcarboxyllc acid, 
227. 

Diketones, 190, 200. 

Diraethylaorylio acid, condensation of, 
858. 



Dimethylmesidine, 830. 
Dimethylsucoinic acid, 192 ; esterifica* 

tion of, 342. 
Dimethylxylidines, metliylation of. 

830. 
Di-ortho acids, 384, 840. 
Diphenyl ether, 200. • 
Diphenylmethane, 243. 
Diphenylnitride, 65. 
Diphenylpropionic acid, 201. 
Disiiociation constants of organic acids, 

841. 
Ditolyl, 199. 
Double bond, conjugated, 182 ; crossed, 

137 ; theory of, 74. 
Dnroquinone, 241. 
Durylic acid, 334. 
Dynamics of organic reactions, 275. 

Electrochemical theories of valency, 
96. 

Electrolysis of acids, 200. 

Electronic theory of substitution, 160 ; 
of valency, 97, 98. 

Electrons, 97. 

Enzyme hydrolysis, 289. 

Equivalence of carbon bonds, 83. 

Esiterification in alcohol solution, 290 ; 
dynamics of, 312. 

— constants, 335, 841. 

~ law, 834. 

Esters, hydrolysis of, 287, 843; syn- 
thesis of, 213. 

Ethane tetracarboxylic acid, 191. 

Ethenoid compounds, 113. 

Ethylene bond, 182: crossed, 137; 
stereochemistry of, 75 ; theory of, 74. 

External condensation, 175. 

Faraday's law, 57. 

Fatty acids, esterification of, 341. 

Fenton's reagent, 172. 

Ferric chloride, condensing agent, 195. 

Formaldehyde, condensation of, 243. 

Formylhippuric acid, 234. 

Formylphenylacetic ester, 227. 

Free valencies, 77. 

Friedel Krafts reaction, 195 ; velocity 

of, 297. 
Fulminic acid, structure of, 7h 
Furfuraldehyde, 269. 
Furfurane, 268. 
Furfurole, 269. 

Glutaconic acids, 78. 
Glycerol, 2, 8. 
Glyoxalines, 262. 
Grignard's reaction, 208. 

Halogenation, catalytic, 172. 

Halogen carriers, 1 73. 

Halogen compounds, reduction of, 168. 
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Halogens, action on ethenoid com- 
pound;!. 818, 819. 

Heat of combuBtiun, of olefines, 75; of 
paraffins, 75. 

Heminiellitic acid, esterification of, 
385. 

Hemipinic acid, esterificiition of, 889. 

Heterogeneous addition, 124. 

Hezamethy I benzene, 202. 

Hexaplienylethane, 65. 

Historical introduction, 1 ; references, 
55. 

Homocaniphoric acid, esterification of, 
842. 

Homologous compounds, SO. 

HomopLthalic nitrile, hydrolysis of^ 
331. 

Hydrindone, 197. 

Hydrobenzoin, 246. 

Hydrocarbons, synthesis of, 195, 210. 

Hydrochloric ether, 9, 14. 

Hydrogen, addition of, 116. 

Hydrogen cyanide, addition of, 105; 
sti*ucture of, 69. 

Hydrolysiis of acyl chlorides, 844 ; of 
amides, 844; of cyanides, 845: <»f 
esters, 279, 287, 848 ; of sucroso, 287 ; 
by enzymes, 289. 

Hydroxyacids, 195; action of phos- 
phorus chlorides, 850. 

Hydroxyaldehydts, 195. 

Hydroxyanthraquinone, 172. 

Hydroxybenzylulcohol, 248. 

Hydroxy], addition of, 119. 

Hydroxylumine compounds, &ynthe»is 
of, 215. 

Hydroxymfcthylene camphor, 235. 

— compounds, 285. 

Hydroxvnaphthoic acid, esterification 
of 837. 



Iminazoles, $C2. 

Imiiioethers, formation cf, 831. 

Indole, 168. 

Induxyl, 187. 

Internal condensation, 175. 

lutramnlecular ionization, 99. 

— isomeric change, 177 ; velocity of, 

278. 
Ionic molecules, 99. 
lunoue, 239. 
I rone, 240. 
Isacetophorone, 244. 
Isobutylenc, 187. 

Isocamphoi*onic ncid, synthesis of, 203. 
Isocyanides, additive compounds, 66 ; 

structure of, 66. 
Isomeric change, intramolecular, 177; 

velocity of, 278. 
Isomerism, 9. 

Isophenylcrotonic acid, 249. 
Isopulegol, 240. 



Keteues, 129. 

Kotimines, 182. 

Keto-euol tautomerism, reaction velo- 
city, 820. 

Ketones, addition products, 128; 
action of halogens, 818 { reduction 
of, 166 ; synthesis of, 195, 207, 218. 

Ketonic acids, 201; t^yQthe^(is of, 216. 

Lactones, formation of, 811. 

Law of Dulong and Petit, 8 ; of even 

numburs, 28 ; of mass action, 275 ; 

of substitution, 17. 

Malic acid, 2. 

Malonic ester, properties of, 191. 

Mans action, law ot^ 275. 

Mechanical types, 21. 

Meconic acid, 272. 

Melamine, 174. 

Mellitic acid, bydroly^tis of, 889. 

Menthane, 166. 

Mercaptans, 15, 16. 

Mercuiy fulminate, 71. 

Mesitylacetic acid, 885. 

Mesityl aldehyde, 838. 

Mesitylene carboxylic acid, 886. 

Mtfsityleue from methylacetylene, 202. 

Mcttityiglyuxylic acid, 888, 385. 

Mesityl oxide, 288. 

Mesityloxide oxalic ester, 227. 

Metalammiue compounds, 92, 94, 102. 

Metallic cyanides, 67. 

Metals, colloidal, 162 ; used in reduc- 
tion, 164. 

Method of, see Reaction of. 

Methylcyclubutane, 185, 189. 

Methylcyclohexaiie, 184. 

Methylcyclopentaue, 184. 

Methyldehydropeutone carboxylic 

ester, 194. 

Methyl fuifurane, 167. 

Methyl granatinine, 186. 

Mixed types, 48. 

Modern structural form u hie, 202. 

Molecular compound:!, 98. 

Molecular types, 21. 

Molecular weights, of Berzelius, 3 ; of 
Dumas, 5 ; of organic acids, 8 ; of 
G^rhardt and Lament, 30. 

Moloxide, 122. 

Morphium, 8. 

Mutarotation, dynamics of, 810; of 
monosaccharoses, 810. 

Naphthalene-diamine, 258. 
Naphthalene hydrides, 166. 
Naphthenes, 166. 
Naphthol hydrides, 166. 
Negative-positive rule, 114. 
Neutral affinities, 99. 
New theory of types, 44. 
Nitrlles, hydrolysis ol^ 831. 
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Nitro camphor, dynamic 'somerism, 308. 
Nitro-compounds, 167; reduction of, 

850. 
Nitrogen teirozide, addition of, 119. 

— trioxido, addition of, 119. 
Nitrophthalic acids, esterification of, 

888. 

Nitrosyl chloride, addition of, 119. 

Non-polar compounds, 104. 

Non-reversible reactions, polymole- 
cular, 279 ; termolecular, 281 ; unl- 
molecular, 277. 

Normal valency, 58. 

NucleUB theory of Laurent, 18. 

Octylaldol, 288. 

Oil of Dutch chemists, 9. 

— of wine, 9. 
Olefiant gas, 9, 16. 

Olefines, 116; reduction of, 165. 
Order of a reaction, determination of, 

282; initial velocity method, 288; 

isolation method, 285; method of 

equifractional parts. 284 ; velocity 

coefficient method, 286. 
Organic acids, constitution of, 23. 

— analysis, 8. 

Ortcanic chemistry in 1830,8; 1880- 
1840, 15. 

— synthesis, 9. 

— reactions, dynamics of, 275 ; nature 
of, 107. 

Organo-metalHc com pounds, 35, 37, 205. 
Origin of the radical theory, 1. 
Oxalacetic acid phenylhydrazoiie, 

velocity of decomposition, 300. 
Oxalacetic ester, 218, 227. 
Oxalic acid, 2, 7. 
Oxalic ester, 6, 9. 
Oxamethane, 10, 16. 
Oxidation, action on alcohols, 821 ; 

catalytic, 171. 
Ozone, addition of, 119. 
Ozonides, 120. 
Ozotriazoles, 268. 

Paraffins, 86 ; heat of combustion, 75 ; 

synthesis of, 188, 205. 
Partial valencies, 183. 
Pentabrumobenonitriio, hydrolysis of, 

880. 
Pentachlorobenzonitrile, hydrolysis of, 

330. 
Pentamethylaminobenzene, methyla- 

tion of, 880. 
Pentamethylbenzamide, hydrolysis of, 

880. 
Pentamethylbenzoie acid, esterifica- 

tion of, 336 
Pentamethylbenzonitrile, hydrolysis 

of, 830. 
Petroleum, American, 165 ; Caucasian, 

165 ; Galician, 165. 



Phenanthrene hydrides, 164. 
Phenols, production of, 166. 
Phony lamino-benzoic acid, 199. 
Phenylangelic acid, 251. 
Phenylcrotonic acid, 250. 
Phenylcyclohexylamine, 168. 
Pheny Idihydroxy resorcyclic ester, 208. 
Phenyl glycinecarboxylic ester, 199. 
Phenyl hydroxypivalio acid. 250. 
Phenylparaconic lactones, 250. 
Phloroglucinol tricarboxylic ester, 2261 
Phorone, 238. 
Phosphorus cliloride, action on hy- 

droxyaclds, 850. 
Photochemical reactions, 822. 
Pinacone condensation, 246. 
Pinane, 166. 

Piperidine, 170, 255, 846. 
Platinum compounds of Z^ise, 10. 
Polar compounds, 104. 
Polybasic acids, theory of, 28. 
Polymerisation, 173 ; action of light, 

174. 
Poly molecular non- re versible reactions. 

279. 
Po»itive negative rule, 114, 191. 
Primary affinity, 104. 
Primary alcohols, synthesib of, 207, 210. 
Primary nuclei, 18. 
Principal valency, 90. 
Pro|iiopropionic acid, 224. 
Psoudoionone, 289. 
Pseudnpelletierine, 186. 
Puligomenthol, 166. 
Pyrazole, 255. 

Pyrazole compounds, 204, 255. 
Pyrazolidone compounds, 261. 
Pyrazolone compounds, 261. 
Pyridine bases, action of aldehydes, 

849. 
Pyromeconic acid, 272. 
Pyromellitic acid, esterification o^ 888. 
Pyromucic acid, 270. 
Pyrone compounds, 271. * 
Pyrotritaric acid, 270. 
Pyrrole compounds. 259. 
Pyrrolidine, 257, 259. 
Pyrrolidone, 259. 
Pyrroline, 259. 

Quadrimolecular reactions, 281. 
Quinitol, 169. 
Quinocarbonium salt, 68. 
Quinol, 62. 

Quiuoline, steric hindrance, 849. 
— - tetrahydride, 108. 
Quinone di-imine, 140. 
Quinone imine, 146. 
Quinonoximes, formation of, 882. 

Radical, of benzoic acid, 1 ; simple 
and compound, 8; attempts to 
isolate, 84^ polyatomic, 49. 



860 



INDEX OP SUBJECTS 



Radical theory, origin of, 1 ; growth 
of, 11. 

Reaction of Buchner-Curtius, 204; 
Glaisen, 235, 288 ; Crum-Brown and 
Wallcer, 200; Frankland, 206; 
Freund, 189; Friedel-Grafts, 196, 
297 ; Qrignard, 208 ; Hofmann, 185 ; 
Ipatiew, 168; Rekul^, 188; Knoeve- 
nagel, 241; Michael, 202; Perkin, 
192, 248; Perkin, jr., 189, 192; 
Reformatsky, 217 ; Reimer • Tie - 
mann, 195; SabatierSenderens, 164; 
Thorpe, 252; Ullmann, 199; Wis- 
licenus, 188, 189; Walker, 200; 
Wurtz, 188. 

Reactions, additive, 111, 201 ; action of 
solvent, 326; bimolecular, 279 ; cata- 
lysed, 826 ; catalytic, 162 ; composite, 
298 ; concurrent, 299 ; consecutive, 
314 ; heterogeneous, 328 ; non-re- 
versible, 277 ; order of, 282 ; photo- 
chemical, 322 ; polymolecular non- 
reversible, 279 ; reversible, 806 ; ter- 
molecular non-reversible, 281 ; types 
of, 109; unimolecular non-reversible, 
277 ; velocity of, 277. 

— of unsaturated compounds, 111, 
201 ; of ketones, 128. 

— abnormal, 380. 
Reagent of Fenton. 172. 
Reagents, action of, 180. 
Reduction, catalytic, 162. 

— of acetylene, 165 ; acids, 167 ; alde- 
hydes, 166; anhydrides, 167; aro- 
matic bases, 168. 

— aromatic hydrocarbons, 166; cy- 
anides, 167 ; halogen compounds, 
168 ; isocyanides, 167 ; ketones, 166 ; 
nitro-compounds, 167 ; defines, 165 ; 
oximes, 167 ; phenols, 166 ; un- 
saturated acids, esters and ketones, 
167. 

Residues, theory of, 26. 

Reversible reactions, 305. 

Ring structures, action of reagents, 
180 ; carbon-nitrogen, 257 ; carbon- 
oxygen, 268; evidence of, 182; 
formation of, 178 ; stability of, 179 ; 
transformation of, 183. 

Rosanilines, formation of, 349. 

Rule of Crum-Brown and Gibson, 149 ; 
of Markownikoff, 114; of Michael, 
114 ; of Vorlftnder, 150. 

Sabinaketone, 214. 
Sabinene, 220. 
SaUcyl radical, 12. 

Secondary alcohols, synthesis of, 206, 
210. 

— bases, acetylation of, 347. 
Sels copula, 27. 

Sodamide, as condensing agent, 233. 
Sterlc hindrance, 330 ; in ester forma- 



tion, 834, 340; in hydrolysia of 
amides, 881, 844 ; of acyl chlorides, 
844; of cyanides, 331, 845; the 
union of acyl chk>rides and alcohols, 
846; formation of alkylammonium 
iodides, 346 ; acetylation of secondary 
bases, 347 ; action of nitrous and 
nitric acid and diazonium salts on 
aromatic amines, 347; action of 
aldehydes on pyridine bases, 849; 
alkylatlon of bases and phenols, 347 ; 
action of benzaldehyde on aromatic 
amines, 333, 348; action of phos- 
phorus chloride on hydroxy-acida, 
350 ; formation of rosanilines, 849 ; 
action of phenylhydroxylamine on 
nitrosobenzene, and diazonium 
salts, 348; hydrolysis of esters, 848; 
reduction of nitro-compounds, 850; 
chain formation, 350. 

Steric hindrance, theory of, 342, 351 ; 
theory of Victor Meyer, 834; of 
Weg^heider, 342; of Bischoff, 
850. 

Strain theory, 76, 178. 

Structure of acetylene compounds, 78; 
aconitic acid, 82; cyanides, 67; ful> 
minio acid, 71 ; hydrogen cyanide, 
69; isocyanides, 66; triphenyl- 
methyl, 60. 

Substituted acetic acids, esteriiication 
of, 841. 

Substitution, electronic theory, 160; 
in aromatic compounds, 149; in 
benzene, 150 ; theories of, 17, 152 ; 
velocity of, 805. 

Succinosuccinic ester, 225. 

Sucrose, hydrolysis of, 287. 

Sulphovinic acid, 9, 11, 14. 

Sulphur acids, synthesis of, 214. 

Sjrnthesis, acetoacetic ester. 220 ; acids, 
195 ; acyl chlorides, 197 ; alcohols, 
188, 196, 207, 210; aldehydes, 196, 
212; amides, 212; aromatic hydro- 
carbons, 188, 189 ; cyclic compounds, 
185, 192 ; cyolo-paraffins, 185 ; diazo- 
amino-compounds, 215 ; esters, 218, 
217; hydrocarbons, 189, 195, 210; 
hydroxylamine derivatives, 196, 215 ; 
ketones, 195, 208, 218. 



Termolecular non-reversible reactions, 

281. 
Tertiary alcohols, synthesis of, 206, 

210. 
Tervalent carbon, 69. 
Tetramethyibenzonitrile, hydrolysis 

of, 830. 
Tetraphenyleihane, 65. 
Tetraphenyloctazene, 257* 
Tetrazoles, 259, 266. 
Tetronic acid, 271. 
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Theory, electrochemical, 96; electronic, 
97. 

— of benzene substitution, 150 ; Arm- 
strong, 150, 152; Blanksma, 151 
Oollie, 157 ; Cmm-Brown and Gibson, 
149; Fiarscheim, 153; Fry, 160 
Holleman, 151. 156 ; HQbner, 149 
Lapworth, 158; Noelting, 149 
Obermflller, 155 ; TscLitschibabin, 
154 ; VorlAnder, 150. 

— of double bond, 74. 

— of free valency, 77. 

— of reactions, Erienmeyer, jun., 145; 
Kekul4, 110; Lauder, 127: Lap- 
worth, 127; Michael, 110, lis, 125; 
Nef, 110, 125: van't Hoff, 110; 
VorlAnder, 147; WilliamNon, 110; 
Wislicenus, 126. 

— of unsaturation, 74, 82. 

^- of valoncy. 57, 83; Abegg and 
Bodl&nder, 58, 101; Briggs, 102; 
Clayton, 58; Flilrscheim, 87; Friend, 
95: Stark, 100; Thomson, 98; 
Tschitftchibabin, 88; Werner, 82; 
Wunderlich, 89. 

— of Baeyer, 76, 178; Collie, 157; 
Flflrscheim, 87; Holleman, 156; 
Lapworth, 127, 168; Michael, 114, 
191 ; Thiele, 138 ; Tschitschibabin, 
88; Wislicenus, 126. 

Thiealdehydes, 128. 

Thio-anilides, 215. 

Thioindoxyl, 187. 

Thioketone8< 12a 

Thujane. 164. 

Thujol, 167. 

Thymoquinone, oxime formation, 382. 

Tbymotic acid, esterification of, 836. 

Tolane trichloride, 65. 

Triacetyl benzene, 226. 

Triazane compounds, 256. 

Triazene compounds, 256. 

Triazoles, 259. 

Tribenzoyl, benzene, 286. 

Tribiphenylmethane, 61. 

Tribromobenzene, 202. 

Tribromobutane dicarboxylic acid, 182. 

Trimerio acid, 227; estorilication of, 338. 

Trimethylacrylic acid, reactivity of, 
858. 

Trimethylammonium-azobenzene chlo- 
ride, 148. 

Trimethylbenzoic acid, esterification 
of; 884. 

Trimethyl benzonitrlle, hydrolysis of, 
875. 



Trimethyleneimino, 257. 
TriphenylmethanSy derivatives of, 

195. 
Triphenylmethyl, 59, 60; formula of, 

64. 

— chloride, 62. 
Trithio-aldehydes, 174. 
Trithioketones, 174. 
Truxillic acid, 181. 
Turpentine oil, 2. 
Types of reactions, 109. 

Types, theory of, 21, 44 ; condensed, 
47 ; mixed, 48. 

Unimolecular non- reversible reactions, 
277. 

Union of carbon-nitrogen, 254; carbon- 
carbon, 174 ; carbon-oxygen, 268. 

Unitary system, 25. 

Unsaturated acids, reduction of, 167. 

— compounds, reactions of, 112. 

— groups, nature of, 74. 
Urea, synthesis of, 9. 
Uric acid, 2. 

Valency, auxiliary, and principal, 90; 
carbon, 56 ; contra and normal, 58, 
101; double, 99; electrons, 100; 
latent, 99 ; isomerism, 92 ; partial, 
188; primary and secondary, 59; 
residual, 99 ; variable, 57 ; volume, 
84 ; and affinity, 107 ; and physical 
properties, 84. 

— theories of, 50, 88; Abegg and 
Bodlftnder, 101; Briggs, 94, 102; 
Claus, 85 ; Flfirscheim, 87 ; Friend, 
95; Knoevenagel, 77; Stark, 100; 
Thomson, 98 ; Thorpe. 78 ; Tschit- 
schibabin, 88; Werner, 85, 90; 
Wunderlich, 89. 

— theories of, electrochemical, 96; 
electronic, 97. 

Velocity of intramolecular rearrange- 
ment, 278; of esterification, 290, 
885. 

— of organic reactions, 275. 
Vinylacrylio acid, 202. 
Vital force, 3, 9. 

Xanthone, 274. 

Xylidines, methylation of, 876. 

Xyloquinone, 241. 

Zinc alkyl compounds, 205; condensa- 
tions, 206. 
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